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Ithaca
K. Kavafis

As you set out for Ithaca

hope your road is a long one,

full of adventure, full of discovery.
Laistrygonians, Cyclops,

angry Poseidon - don't be afraid of them:
you' Il never find things like that on your way
as long as you keep your thoughts raised high,
as long as a rare excitement

stirs your spirit and your body.
Laistrygonians, Cyclops,

wild Poseidon - you won't encounter them
unless you bring them along inside your soul,
unless your soul sets them up in front of you.

Hope your road is a long one.

May there be many summer mornings when,
with what pleasure, what joy,

you enter harbours you're seeing for the first time;
may you stop at Phoenician trading stations

to buy fine things,

mother of pearl and coral, amber and ebony,
sensual perfume of every kind -

as many sensual perfumes as you can;

and may you visit many Egyptian cities

to learn and go on learning from their scholars.

Keep Ithaca always in your mind.

Arriving there is what you're destined for.

But don't hurry the journey at all.

Better if it lasts for years,

so you're old by the time you reach the island,
wealthy with all you've gained on the way,

not expecting Ithaca to make you rich.

Ithaca gave you the marvellous journey.

Without her you wouldn't have set out.

She has nothing left to give you now.

And if you find her poor, Ithaca won't have fooled you.
Wise as you will have become, so full of experience,
you'll have understood by then what these Ithacas mean.

: | have previously used this text of Kavafis in my MSc. Thesis. | know people should always evolve and think different,
but such piece of poetry still has a strong meaning for me. When | was 24-25, however, | thought those verses were full
or irony, and very appropriate to challenge the whole world. This does not apply anymore, since one gets wiser and
wiser after so many Ithacas. Surely, the present Ithaca was one of the most complete and amazing ones. One should
fell like Ulysses after completing the true ordeal of getting a PhD degree. When | commented to Carles Torras | wanted
to put it in the thesis, he told me that Lluis Llach had immortalized those verses in the Catalan collective soul...
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Abstract

As raw materials, polymers have wide applications in chemical engineering,
especially in novel technologies, such as membranes. Polymeric membranes
are structures formed from organic solutions once the solvent is removed either
by evaporation or by the addition of a non-solvent. Flat-sheet membranes are
formed when a thin layer of polymeric solution is deposited over a glass plate.
To form dense membranes, just evaporation of the solvent is needed. On the
other hand, if the polymeric film is immersed into a non-solvent (usually water),
porous structures are formed. A similar mechanism may produce microcapsules.
However, in this case, an important step is the formation of droplets of
polymeric solution, either in batch mode or by using micromixers.
Thermodynamics may be used as an assessing tool to improve the
understanding of the processes mentioned above and to allow further
optimization. Important thermodynamic properties for polymers are the cohesion
parameters and the Flory-Huggins interaction parameters. For a given
component, the cohesion parameter may be also expressed as the resultant of
the three-dimensional vector that includes dispersion, polar and hydrogen-
bonding effects. The binary Flory-Huggins interaction parameter between a
polymer and a penetrant is a function of the cohesion parameters of both
components, and is related to their affinity, being useful for predictions of
swelling degree of membranes, phase equilibria and even transport through
polymeric structures. The literature lists several methods to calculate each of
those properties, and the choice of the most adequate one for a determined
case is a determinant step. Theories of transport through polymers need, apart
from the thermodynamic contribution, a free-volume term, which is related to the
space between polymeric molecules that is available for mass transfer, where
penetrant molecules diffuse. A very-well accepted macroscopic approach for
such process is the Vrentas-Duda model, that uses intrinsic properties of the
components, such as viscosity (for penetrants) and relaxation times (for
polymers) to obtain transport parameters, allowing to derive comprehensive

models for both simulation and optimization of membrane processes, among
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others. In fuel cell systems, for example, the free-volume theory may be applied
to choose a polymer with determined properties, allowing a better consumption
of fuel, for example. Also those theories may contribute to the knowledge of the
intrinsic formation of the membrane. This thesis deals with the knowledge of
intrinsic properties of chemical components, such as solvents and polymers, to
understand transport properties of the materials produced from those chemicals.
By using free-volume theory and a thermodynamic approach we were able to
predict several kinds of data, such as swelling degree of membranes and
ternary equilibrium data, recommend materials for fuel cell membranes, and
even give hints about the formation of polymeric membrane structures. We
point out that our predictions require very few experimental or adjustable

parameters.
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Nomenclature

Acronyms

3D three-dimensional Flory-Huggins approach

CPMM Caterpillar Micromixer

SEM Scanning Electron Microscopy

DMFC Direct methanol fuel cell

ENSIC Engaged species induced clustering model

NO microcapsules of pure polysulfone

SIMM Slit Interdigital Micromixer

VLE Vapor-liquid equilibrium

WLF Williams-Landel-Ferry equation

Chemicals

2,2,4-TMP  2,2,4-Trimethylpentane

CTA Cellulose triacetate

DMF N-N-dimethylformamide

ETBE Ethyl tert-butyl ether

EtGlyc ethylene glycol

EtOAc ethyl acetate

EtOH Ethanol

HOAc acetic acid

IPA 2-Propanol

MeOH Methanol

MTBE Methyl tert-butyl ether

NBZ nitrobenzene

PBD Poly(butadiene)

PDMS Poly(dimethyl siloxane)

PEMA Poly(ethyl metacrylate)

PIPA Poly(isopropyl acrylate)

PP atactic poly(propylene)

PMMA Poly(methyl metacrylate)

PMS Poly(a-methyl styrene)

PropGlyc propylene glycol

PSf polysulfone

PVA poly vinyl alcohol

Pyr pyridine

THF tetrahydrofuranAcronyms

VNL vanillin

Journals

AIChE J American Institute of Chemical Engineers Journal (ISSN: 0001-
1541)

CAT Catalysis Today (ISSN: 0920-5861)

CATA Applied Catalysis A: General (ISSN: 0926-3373)

CATB Applied Catalysis B: Environmental (ISSN: 0926-860X)

ChEJ Chemical Engineering Journal (ISSN: 1385-8947)
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ChES
DES
EA

EF
FCB
FPT
IEChR
JCIS
JMS
JPCS
JPS
PES
PhysB
PhysC

POL
SPT
SSc
SSi

Variables

Kiily
Ko — Tyi
KIumped

Chemical Engineering Science (ISSN: 0009-2509)

Desalination (ISSN: 0011-9164)

Electrochimica Acta (ISSN : 0013-4686)

Energy & Fuels (ISSN: 0887-0624)

Fuel Cells Bulletin (ISSN: 1464-2859)

Fuel Processing Technology (ISSN: 0378-3820)

Industrial & Engineering Chemistry Research (ISSN: 0888-5885)
Journal of Colloid and Interface Science (ISSN: 0021-9797)
Journal of Membrane Science (ISSN: 0376-7388)

Journal of Physics and Chemistry of Solids (ISSN: 0022-3697)
Journal of Power Sources (ISSN: 0378-7753)

Polymer Engineering and Science (ISSN: 0032-3888)

Physica B: Condensed Matter (ISSN: 0921-4526)

Physica C: Superconductivity and its Applications(ISSN: 0921-
4534)

Polymer (ISSN: 0032-3861)

Separation and Purification Technology (ISSN: 1383-5866)
Surface Science (ISSN: 0039-6028)

Solid State lonics (ISSN: 0167-2738)

pre-exponential term based on the diffusivity at infinite dilution
(cm2.s-1)

thermodynamic factor based on Van Laar equation

coefficient of the water-MeOH Flory-Huggins expression

diameter (um) of droplets / microcapsules or the characteristic
dimension of slit, according to the subscript

binary diffusivity (cm2.s-1)

diffusion coefficient matrix for ternary systems (cm2.s-1)
composition factor of Flory-Huggins parameter

pre-exponential term on diffusivity expression (cm2.s-1)

molar cohesion energy (J. gmol™)

activation energy for diffusion
molar attraction constant (MPa
flow rate (ml.h™)

Excess Gibbs free energy
vaporization enthalpy (J. gmol™)

diffusive flux of component i (cm2.cm-1.s-1)

fitting parameter of the Rayleigh-based equation

ratio of the diameter of the product core to the total diameter
free-volume parameter for component i (cm3.g-1.K-1)
free-volume parameter for component i (K)

lumped free-volume parameter for polymer (cm3.g-1)
molecular weight of PEG (g.gmol-1)

microcapsule mass (Q)

number of microchannels

number of moles of component i

vapor pressure

ideal gas constant

Y2 em3.gmol™)
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ASY vaporization entropy (J. gmol™.K™)

SMeoH selectivity for MeOH based on total diffusive flows
T temperature, K

Ty Glass transition temperature, K

Vi molar volume of component i (cm®.g™)

Vi molar volume of component i (cm3.gmol'1)

Wi mass fraction of component i

Xi molar fraction of component i

Yi molar fraction of component i in vapor phase

Greek letters

a multiplying factor of Flory-Huggins parameter

B linear factor of Flory-Huggins parameter

Yi Activity coefficient

5 Cohesion parameter of component i, MPa"?

€ porosity

&is ratio of the molar volumes for solvent i and polymer jumping unit
b area between experimental and predicted binary diffusivity curves
o Volume fraction of component i

Xi i-j Flory-Huggins interaction parameter

Prmolar molar density (gmol.cm™)

D Mass density, g/cm®

Wi Chemical potential of component i

r orientative function to select Flory-Huggins approach

Mi chemical potential of component i

i i-j Flory-Huggins interaction coefficient

Q; mobility of component i

Subscripts

d dispersion

hb hydrogen-bonding

p polar
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1 Introduction

As raw materials, polymers have wide applications in chemical engineering,
especially in novel technologies, such as membranes. Polymeric membranes
are structures formed from organic solutions once the solvent is removed either
by evaporation or by the addition of a non-solvent. Figure 1.1 illustrates the

formation of those membranes.

Membranes

Non-solvent DMF (solvent)

PSf (polymer) + DMF

_ Immersion
Evaporation precipitation

——————
‘ C'*I'FA dense membrane

Figure 1.1 — Formation of membranes by solvent evaporation or by immersion

W=

PSf porous membrane

precipitation’.

In the obtention of the polymeric membranes is shown in Figure 1.1. A thin layer
of polymeric solution is deposited over a glass plate. To form dense membranes,
just evaporation of the solvent is needed. On the other hand, if the polymeric

film is immersed into a non-solvent (usually water), porous structures are

' SEM images by Carles Torras Font (the same applies for Figure 1.2).
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formed. Previous works in our group showed that the porous structures

obtained can be controlled by the conditions of the coagulation bath.

A similar mechanism may produce microcapsules. However, in this case, an
important step is the formation of droplets of polymeric solution, either in batch
mode or by using micromixers. Figure 1.2 illustrates the formation of the

microcapsules.

Microcapsules

T~ r=R(t)
DMF \
@/ Immersion

precipitation

PSf microcapsule

Figure 1.2 — Production of microcapsules by immersion precipitation.

In this case, however, the droplet of polymer is surrounded by a continuous
phase, that does not mix either with the polymer or with the non-solvent.
Therefore, the non-solvent (i.e. water, for example) should play a two-fold role:
first, it should wash away the external surface of the droplet from the continuous
phase, and then, precipitate the polymer by expulsing the solvent (DMF). The
chemistry of the system is of course affected by addition of the component to be

encapsulated, leading to the formation of different structures.

In both processes described above, thermodynamics may be used as an
assessing tool to improve their understanding and to allow further optimization.
Important thermodynamic properties for polymers are the cohesion parameters
and the Flory-Huggins interaction parameters. For a given component, the

cohesion parameter may be also expressed as the resultant of the three-
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dimensional vector that includes dispersion, polar and hydrogen-bonding effects.
The binary Flory-Huggins interaction parameter between a polymer and a
penetrant is a function of the cohesion parameters of both components, and is
related to their affinity, being useful for predictions of swelling degree of
membranes, phase equilibria and even transport through polymeric structures.
The literature lists several methods to calculate each of those properties, and
the choice of the most adequate one for a determined case is a determinant

step.

Theories of transport through polymers need, apart from the thermodynamic
contribution, a free-volume term, which is related to the space between
polymeric molecules that is available for mass transfer, where penetrant
molecules diffuse. A very-well accepted macroscopic approach for such
process is the Vrentas-Duda model, that uses intrinsic properties of the
components, such as viscosity (for penetrants) and relaxation times (for
polymers) to obtain transport parameters, allowing to derive comprehensive
models for both simulation and optimization of membrane processes, among
others. In fuel cell systems, for example, the free-volume theory may be applied
to choose a polymer with determined properties, allowing a better consumption
of fuel, for example. Also those theories may contribute to the knowledge of the

intrinsic formation of the membrane.

Therefore, the present thesis summarizes, in the form of scientific papers, some
topics developed by the author and contributors, towards a better
comprehension of the mechanisms of penetrant-polymer systems, as well as
some results obtained while using polymers as raw materials for fuel cells or
microencapsulation. However, the author is aware that all topics deserve
deeper studies. The goal of this thesis, according to the author, is that it serves
as a guide for future works in polymers, since it identifies specific topics in

research of polymers that still lack attention.
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2 Objectives

The objectives of this thesis are:

Assess the choice of appropriate expressions to determine equilibrium-

related properties, from the several methods available in the literature;

e Calculate a priori properties of membranes that are often determined by
experimental data, such as swelling degree and ternary equilibrium data;

e Use free-volume theory to recommend polymers to manufacture fuel
cells;

e |dentify key parameters on the production of polymeric membrane

structures, such as flat-sheet membranes and microcapsules.
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3 Theoretical background

In the present thesis, polymers are studied as raw materials for membrane
applications, such as fuel cells and microcapsules. In those processes, mass
transfer is a key step, and its most significant contributors are the phenomena

of diffusion and thermodynamic equilibrium.

3.1 Thermodynamics of polymers

In the middle of last century, Paul Flory and Maurice Huggins, working
independently, derived a theory upon a simple lattice model that could be used
to understand the behavior of polymeric solutions [1]. An example of a lattice,
where a low-molecular-weight solvent and a high-molecular-weight polymer are
mixed, is shown in Figure 3.1. This section describes the theory of Flory-

Huggins, according to J.R. Fried [1].

QU000
0CO000
90000 "

000000
00000

@,
@,
@,
Q
3

Figure 3.1- Lattice model for polymer chains in solution. Empty symbols
represent the solvent molecules as the hatched symbols represent the

polymeric units.
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The entropy of mixing in the system represented in Figure 3.1 may be

expressed by the following relationship:
AS, =kInQ (3.1)

where k is the Boltzmann’s constant and Q the total number of ways to arrange
n4 solvent molecules and n, polymer molecules in a lattice with N positions.
Therefore, the entropy of mixing may be also expressed as a function of the

volume fractions:
AS, =—k(n Ing, +n,Ing,) (3.2)

On the other hand, to compose the Gibbs free energy of mixing, we also need

to determine the enthalpic term. The Flory-Huggins model defines it as:
AH_ =n1¢,Aw,, (3.3)

where z is the lattice coordination number of neighbor cells to a given cells, ry
represents the number of segments in a solvent molecule, and Aw,,is the
change in internal energy generated by unlike molecular pair (solvent-polymer
or 1-2) contacts. Since z and Aw,, are empirical parameters, it is convenient to

define a single energetic parameter called Flory-Huggins interaction parameter,
as in Eq.(3.4):

rAw,
f— 3-4
ZIZ kT ( )

The Gibbs free energy of mixing is given by:

AG, =AH, —TAS, (3.5)
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Or, by applying Eqgs (3.2) and (3.3):
AG,, = kT(nl Ing +n,Ing, + len1¢2) (3.6)

The chemical potential for the solvent is obtained by deriving Eq (3.6) by the

number of moles of solvent at constant pressure and temperature:

Aul=(aAij (3.7)
8[‘11 T.P

In the case of high-molecular-weight polymers, where the number of solvent

equivalent segments r is large, the activity of the solvent is finally obtained as:

A
T=Ing gy + 2] (3.8)

Ina, =

Eq. (3.8) may be expanded for multicomponent systems and is often used to
determine the Flory-Huggins parameter from experimental data [2,3,4,5]. The
Flory-Huggins parameter may be also predicted by using the molar volume of

the solvent and the cohesion parameters of both solvent and polymer.

Eq.(3.9) expresses a general form of the Flory-Huggins interaction parameter:

V
X2 :ﬂ"‘aﬁDlzz (3.9)

Table 3.1 summarizes the coefficients for the y expression for both classic and

three-dimensional (3D) approaches:
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Table 3.1- Coefficients of the Flory-Huggins interaction parameters.

Approach a B Dy
Classic [1] 1 0.35 (§l,total - 52,t0ta| )2
3D [6] T 0 (5,-6,,)0+0256,,-05,,) +025(8, — 61 )

The 3D approach implies that the overall cohesion parameter is correlated to
the dispersion, polar and hydrogen bonding solubility parameters, also known
as Hansen parameters. EQ.(3.10) relates the overall and the Hansen
parameters:

S = 03 + 57 + 55, (3.10)
There are several methods in the literature to calculate the cohesion
parameters and also to obtain the molar volume. The liquid molar volume at OK
may be calculated either by group contribution or by computing atom by atom in
the molecular structure. Table 3.2 lists the Sugden and Blitz atomic contribution

rules [7].

A more extensive contribution rule was compiled by Beerbower [8], where

groups are considered instead of atoms. Some examples are found in Table 3.3.

In the literature, the molar volume is found either on a molar or on a mass basis.
All the rules presented here allow us to obtain the molar-based property.
Therefore, to compare to the mass-based values often found in literature, we

just divided the calculated values by the molar mass.
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Table 3.2— Contribution rules to calculate molar volume.

Component Sugden (cm®*gmol) Blitz (cm®/gmol)
H 6.7 6.45
C (aliphatic) 1.1 0.77
C (aromatic) 1.1 5.1
N 3.6 -
O 5.9 -
Cl 19.3 16.3
S 14.3 -
Triple bond 13.9 16.0
Double bond 8.0 8.6
5-membered ring 1.8 -
6-membered ring 0.6 -
OH (alcoholic) - 10.5
OOH (carboxyl) - 23.2

Table 3.3— Contribution rule according to Beerbower’s compilation.

Group Beerbower’s rule (cm®/gmol)
- CHs; 31.70
-CHa- 16.60
=CH- 12.40
>CH- -1.00
-COO- 8.20
-O- 3.60
-OH 10.47
>SiO< 3.80

The use of the cohesion parameters just aims to provide a simple method for
prediction of cohesive and adhesive properties of materials from the properties
of the pure components [8]. Very often the cohesion, or Hildebrand, parameter

is referred as solubility parameter, but such nomenclature is quite restrictive for
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a quantity that may be helpful to correlate a wide range of physical and
chemical properties, such as the Flory-Huggins interaction parameter. The
cohesion parameter [1] is related to the molar energy of vaporization of a pure

liquid, also known as the cohesive energy-density by Eq. (3.11):

_ coh __ AEiV
5 =JE®" = Vi) (3.11)

Therefore, when the enthalpy of vaporization and the molar volume are known,
the cohesion parameter can be easily obtained. Eq.(3.12) expresses the

enthalpy of vaporization in terms of vapor pressure [9]:

AHY =Tas® = g72 41nP

(3.12)

Finally Eq. (3.11) becomes:

_ |AHY —RT

=N = P (AH = RT ) (3.13)

Therefore, the cohesion parameter for the transported species may be obtained
either by calculating the vapor pressure or by using commercial process
simulators, like Aspen® or Hysys®, that have a very complete database of
chemical compounds. In the present work we used the Antoine equation of
state. This approach allows us to obtain a cohesion parameter depending on
temperature, what can be useful while modeling processes that do not occur at

room temperature.

However, since energy of vaporization for solids or polymers has no sense,
group contribution methods are required. Among them, the most widely used

are the rules provided by Small and Hoy [1], where a molar attraction constant
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is given for each chemical group in the polymer repeating unit. By adding all the

constants, the cohesion parameter can be easily obtained:

5= (3.14)

Table 3.4 lists the molar attraction constants used to calculate the cohesion
parameters for the most common methods available in the literature. Those
values were obtained by regression analysis of physical properties data for a
wide range of organic compounds (640 compounds in the case of Hoy). In the
method provided by Small, however, some groups that form hydrogen bonds

were excluded.

Table 3.4- Representative molar attraction constants.

Molar attraction constant, F
(MPa*? cm? gmol™)

Group Small Hoy van Krevelen

-CHj3 438 303 420
-CHa- 272 269 280
>CH- 57 176 140
>C< -190 65.5 0

-CH=CH- 454 497 444
>C=CH- 266 422 304
-O- (ether) 143 235 256
-OH - 462 754
-CO- (ketones) 563 538 685
-COO- (esters) 634 668 512
-OCOO- (carbonate) - (904) 767
-NH- - 368 -

-S- (sulfides) 460 428 460
-Cl (primary) 552 420 471

-Si 77 - -
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Another approach considers three aspects of the cohesion parameters:
dispersion, polarity and hydrogen bonds. In a recent work [10], we proved that
the 3D modeling should be preferred rather than the classic model, especially
when highly polar penetrants are involved. Extensive tables to calculate the
dispersion, polar and hydrogen-bonding Hansen parameters are presented in
the literature [8]. Such calculations, as the one expressed by Eq.(3.14), also
involve the molar volume.

An important drawback of the presented group contribution methods, either for
molar volumes or for cohesion parameters, is that it does not take into account
the stereoregularity of the polymers. Stereoregularity, also known as tacticity,
refers to the distribution of the substituting groups in a polymeric chain [11].

Figure 3.2 illustrates the stereoregularity of poly(propylene) (PP).

a. Isotactic

CH, CH, CH, CH,
! ! ! !

— C — CHy— C—CH,— C — CHy,— C — CH, —
| | ! !

H H H H
b. Syndiotactic
CH, H CH, H

| | | |
— C — CH,—C—CH,—C —CH,— C — CH,—
| | | |

H CH, H CH,
c. Atactic
CH, CH, H CH,

| | | |
— C — CH,—C—CH,—C —CH,— C — CH,—
| | | |

H H CH, H

Figure 3.2— Stereoregularity of poly(propylene).

On the stereoregularity depend important properties such as the crystal
conformation or the mechanical strength. As shown in Figure 3.2, isoctatic PP

has all the substituting methyl groups at the same relative position along the



UNIVERSITAT ROVIRA I VIRGILI
THERMODYNAMIC STUDIES AND APPLICATIONS OF POLYMERIC MEMBRANES TO FUEL CELLS AND MICROCAPSULES
Luizildo Pitol Filho

ISBN:

978-84-691-0368-5/DL: T.2182-2007

polymeric chain, what provides a well-defined crystal strucutre with high
stiffness, mechanical strength and chemical resistance [12]. On the other hand,
the distribution of the substituting groups for atactic polymers is totally random,
what prevents them to have mechanical integrity. Syndiotactic polymers,
however, have a regular alternance of the substituting groups. In the case of PP,
molecules of different stereoregularity may be even immiscible. Further studies
should be done in order to propose calculation methods that take into account

such phenomena.

In the case of the total cohesion parameter, an alternative may be the
determination by Atomic Force Microscopy [13] of a polymeric membrane, if the
contact angles of two liquids are measured on a membrane surface, in both
advancing and receding mode. It is a very interesting application when the

existing contribution rules are inappropriate or incomplete.

An alternative thermodynamic model is the so-called ENSIC (Engaged Species
Inducing Clustering) [14], that considers the sorption of molecules on the

polymeric matrix, as shown in Figure 3.3.

Fluid phase

Fluid molecules

Polymer active center

@
O

Polymer / sorbed species matrix

Figure 3.3 - Sorption of fluid molecules on a polymeric matrix.
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According to the ENSIC model, k, and ks are the elementary affinity between
the non-polymeric species and either a polymer segment or a previously sorbed
molecule, respectively. Then, the volume fraction of the solvent on is related to
its chemical activity by Eq. (3.15).

e(ksfkp)al _1

9 IW (3.15)
k

p

Works on reverse osmosis and water permeation [14] used the ENSIC model,
as well as for separation of ethanol-ETBE (ethyl tert-butyl ether) [15] and
methanol-MTBE (methyl tert-butyl ether) [16] by pervaporation. However, for

each ternary system, the model required 6 adjustable parameters.

In the current thesis, we are going to work with the Flory-Huggins approach,
since the interaction parameters may be calculated without any adjustment from

experimental data.

3.2 Membranes

A membrane is a physical barrier that allows separating a component from a
mixture [17]. Each component permeates at a different rate through a
membrane, and a better separation is achieved when the permeability
coefficients of the components are different. The permeability coefficient is in
fact a lumped parameter that integrates both the solubility and the diffusivity.
Figure 3.4 illustrates the separation of a binary mixture by using a dense

membrane.
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Figure 3.4 - Separation ofa b

In Figure 3.4 the permeation is shown as the product of the phenomena of

equilibrium and diffusion, at the

respectively. If the external surface is

liguid-membrane interface is established. Then

diffusion to the opposite interface. Experimentally

transport coefficient, called permeability, than to obtain separately each

contribution. The diffusion mechanisms

pores exist or not. If the membrane is porous, diffusion

On the other hand, if it is dense, the transported molecules d

volume among the molecules that form the membrane. The chemical

equilibrium at the interfaces may be der

such as the Flory-Huggins theory.

Concerning to the modeling of membrane processes

commonly used if a large amount of experimental data
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is the dynamic modeling of milk ultrafiltration [18]. In this concrete case, such
strategy was chosen instead of a phenomenological approach owing to the
multiple interactions of the components of the colloidal suspension. An example

of the network designed is represented in Figure 3.5.

. » Flux
AP ——

—» Resistance
Time — — Rejection

Input Hidden | Output
layer layer layer

Figure 3.5 - A three-layered neural network.

In Figure 3.5, a three-layered neural network designed for the milk ultrafiltration
problem is shown. This is a 2/5/3 configuration, with two inputs (transmembrane
pressure and time), 5 hidden weighted functions and three calculated outputs
(flux, rejection and resistance). In the paper, the authors commented that 675
experimental data were available, divided into three sets to develop the neural
network: 84 data for training, 321 for validation and 270 for querying. They also
concluded that a good prediction was obtained by just using a single hidden
layer and a small number of training data. However, the neural network
strategies do not contribute much to the knowledge of the process, since those
parameters cannot be easily extrapolated to different systems. Other processes

would require similar training steps.

A more phenomenological model would be more useful to both prediction and
comprehension of membrane processes. Instead of working with lumped

parameters, such as the permeabilities, it is possible to focus on properties that
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just depend on the chemical structures of the components involved, such as

diffusion and chemical equilibrium.

A scheme of free-volume diffusion, as well as the facilitated transport
mechanism called hopping is shown in Figure 3.6, for the permeation of

methanol (MeOH) and protons through a polymeric membrane.

DPolymer (=) Active centers

@@ \<OH “"* Hopping path

v
v

Figure 3.6 - Diffusion in polymers: free-volume and hopping mechanisms.

As seen in Figure 3.6, MeOH molecules diffuse among the in the holes among
polymers, whereas protons jump through the negative active centers across the
polymeric chains, following a hopping path [19]. The next section briefly
explains the free-volume theory according to the Vrentas-Duda approach. We
are not going to focus on the hopping mechanisms, because they are out of the

scope of this thesis, and will be a subject for further works.

3.3 Diffusion in polymers: the Vrentas-Duda free-volume theory

Among the approaches for diffusion of components in polymers, the Vrentas-
Duda free-volume theory accurately correlates polymer-solvent behavior over a
wide range of concentration and temperature [7]. To describe a ternary system,

for example, four diffusion coefficients are needed, whose prediction involve the
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knowledge of the friction factors responsible for the self and mutual diffusion in
mixtures [20]. Then, the diffusion of a pair i-j may be determined by using the

following general equation:

( — 18 J] (3.16)
P P

]¢I

The mutual coefficients Dy in Eq.(3.16) may be written down in terms of the

free-volume parameters (solvent:1; non-solvent:2; polymer:3) :

E Vvﬁ/l4-VV2Aél;\LZ4-VV3§KA/3
D, =D, exp{— R';'} exp| — 23 (3.17)

\/
/4

Sa13
VVZ\/Z +Vvl \G +‘VV3§E3\/3

D, =D, exp{— Ez} exp| — L (3.18)
RT \/
V
A 3
where V/y:Zgﬁ{K“](Kzi ~T, +T) (3.19)
i-1 Ve

Expanding Eq.(3.16) in terms of the volume fractions of the components, we
have the following diffusion coefficient matrix:

1 ou 1 ou
D11:D1¢1( ¢1) - 2¢1¢2 2

RT 0¢, RT a¢1
1 ou 1 ou
D,=D e 2
» =D (- ¢1)V RT 06, mv RT 0
_ v 1oy Vi 1 o
a1 = Dufi{1- ¢2)v RT g, 1‘b“ézv RT o, (3.20)
1 aﬂl

0
D,, = D2¢2( ¢2)R1T 8;2 D¢¢, —— RT 04
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where the chemical potentials are given by Flory-Huggins model:

0

Bl =g w4+ (06, + 108 M1 4) - 2208, (3:21)
B =g, b+ (106 + 220 )1 -6) - 2086, (3.22)

The procedures to calculate all the parameters required may be summarized in
Figure 3.7. The methods to obtain the molar volumes and the Flory-Huggins
interaction parameters were already discussed in the previous sections. We can
see that the properties can be divided into a free-volume group and a

thermodynamic group.

To predict diffusivity in ternary systems:

Ky Kishy Kzl
K21 = T91 K23 o Tg3 K22 0 TgZ
: I T T
=3
_g Viscosity = f(T) WLF constants Viscosity = f(T)
5 ! i f
L Penetrant 1 Polymer 3 Penetrant 2 ——
S TN |
Vi —*&; Vs &y — V;
AN | |
" ! ! ;
O
E 5, 5, %
2 L ~ / ~
= o N~ S 7
o Equilibrium %3 %1z Yas
=
@
=
: |
, VLEdata

Figure 3.7— Calculation procedures to obtain the parameters for free-volume

predictions
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A key parameter in the free-volume theory is the ratio between the molar
volume of the solvent (or non-solvent) and the molar volume of the jumping unit.
If we consider that the diffusing molecules are small and move as single units,

such ratio is expressed by Eq. (3.23) [7]:

fy == —L0 (3.23)

On the other hand, polymer molecules just exhibit segmental motion, what
requires us to obtain the properties of the jumping unit, like the molar volume
and the molecular mass. By dividing the molar mass of the jumping unit by that
one of the monomer, Zielinski & Duda [7] demonstrated that the size of the
polymer segmental motion unit is larger for stiffer molecules than for more
flexible ones. Therefore, such property could be correlated to the glass

transition temperature, which is an indicator of chain stiffness:

v, (cm® / gmol ) = 0.6224T,, (K ) - 86.95
(3.24)

Later such correlation has been extended [21] to take into account the

difference of the glass transition temperature:

0.0925T,,(K)+69.47 for T,, < 295K
0.6224T (K ) —86.95 for T, > 295K (3.25)

A (cm* / gmol )= {

93 =
Viscosity is considered as a transport property governed by the free-volume.
Therefore, the remaining free-volume parameters for the penetrant species may

be calculated from low-temperature viscosity data:

)
Inp, =lnA + "1/ (3.26)
Ky =Ty +T
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Once the free-volume parameters for the penetrants are calculated, it is
possible to regress the pre-exponential factor D, and the activation energy for
diffusion by using Eq.(3.27):

0.124x107°V 23RT E W%<
ln( : : J—lnD A T (3.27)
mMV,

In many cases, however, the activation energy is neglected [20,22]. The
parameters for the polymer may be calculated from the Williams-Landel-Ferry
(WLF) theory, by regressing them from relaxation studies [7,21,23]. Extensive
lists of WLF constants are available in literature, and their relation with the free-

volume parameters are shown in Eqgs (3.28) and (3.29):

K13 V3
_ (3.28)
y  2.303c) et
K,, =ciF (3.29)

Alternatively, if there is a curve of relaxation time as a function of temperature,
the WLF constants may be obtained by using EQ.(3.30) once a reference

temperature T is chosen:

T ey (T-T,)
log - =—_"13 A\ s/
T T T -T))

(3.30)
Finally the only missing property is the penetrant-penetrant Flory-Huggins

interaction parameter, that may be obtained from vapor-liquid equilibrium (VLE)
data according to Egs.(3.31) and (3.32) [24]:

AGE
RT

ZXi Iny, (3.31)
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Once the excess Gibbs free energy is calculated, for each point of the VLE

curve, a corresponding interaction parameter is obtained:

_ 1 Y Y. |, AG”
X = " [yl ln(¢l J+ Y, ln(¢2 J+ AT ] (3.32)

The interaction parameter finally becomes a polynomial function varying with

the volume fraction of one penetrant as in Eq.(3.33):
2 i-1

A= Zci@li (3.33)
i=1

The dependence of the model on published VLE data may be eliminated by
using the UNIFAC method, since the literature cannot provide binary data for all
existing systems. For the moment, however, we did not use this method in our

calculations.

3.4 Obtention of polymeric membranes

The obtention of membranes from polymeric solutions depend on several
factors, such as the choice of the solvent and non-solvent, as well as the initial
polymer concentration [25]. Good examples of how the variation of those

parameters affect the formation of the membrane are shown in Figure 3.8.
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Membranes

Non-solvent DMF (solvent)

PSf (polymer) + DMF

Figure 3.8 — Different membrane structures obtained by varying polymer

concentration and non-solvent?.

In Figure 3.8 there is the scheme of the formation of a polymeric membrane (a).
From initial solutions of 15 wt% and 20 wt% of polysulfone (PSf) in N-N-
dimethylformamide (DMF), the porous structures shown in (b) and (c) are
obtained, by precipitation of the polymeric solution in water. On the other hand,
if a solution of 20wt% of PSf in DMF is precipitated in 2-propanol (IPA), more
regular structures (d) are formed. The product of the immersion precipitation is
definitely dependent on the conditions of the casting bath, especially on the

equilibrium between the polymeric phase and the surrounding liquid phase.

For a ternary system, the Gibbs free energy of mixing for a polymeric solution

may be expressed by the following equation [24]:

AG
RT N Ing +n,Ing, +nyInd; + 7,,0¢, + 30 + 1530, (3.34)

2 The SEM images in Figure 3.8 were obtained by Carles Torras.
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By using Eq. (3.34) it is possible to determine the spinodal curve, which is the
line where all concentrations fluctuations lead to instability, leading to phase

separation. The spinodal may be obtained by the following matrix:

G, G
G|= GZ GZ =0 G,,G,, =G,,G,, (3.35)
2
where G, = ;jc;; (3.36)
i7]
n;V;

The ternary diagram for the system PSf-DMF-H,0 [26] is shown in Figure 3.9,

with the liquid-polymer equilibrium and spinodal lines.
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Figure 3.9—- PSf-DMF-Water phase diagram.
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The ternary diagram in Figure 3.9 represents the spinodal curve, the line that
marks the composition where the polymer precipitates and forms the membrane.
A successful modeling, by applying the concepts explained in the previous
sections, would be able to draw the composition path from the initial casting
solutions to the indicated regions, determining the right composition of the top

dense layer, the macrovoids zone and the microporous region.

3.5 Production of polymeric microcapsules by using micromixers

Microcapsules have applications of high technological impact, such as the
controlled release of drugs and perfumes, and they are composed by a
polymeric dense shell covering a core full of product. The polymeric shell may
have varying structure and even be porous, but its most external layer should
be dense, in order to control the release rate of the product. Much attention has
been done to the interfacial polymerization (a.k.a in situ polymerization), where
droplets of a monomer solution are put in contact with a solution of a second
monomer, and reaction is produced at the external surface of the droplet,
reducing the kinectic reaction as long as the dense layer is formed, blocking the
entrance of the external monomer and further stopping the polymerization
reaction. Some good examples are the production of poly(urea-urethane)
microcapsules [27] and the encapsulation of lemon oil in urea-formaldehyde
[28].

Another way to produce microcapsules is dissolving both the product to be
delivered and the polymer in a determined solvent. Then, microcapsules may
be produced by precipitating droplets of the product-polymer solution into a non-
solvent phase, in a similar way to the formation of membranes by immersion

precipitation [29].

The production of microcapsules may be performed by using microchannel-
based mixers, shortly called micromixers, that have wide applications in
chemical engineering, being absorption, emulsification, foaming and reaction

just some of them [30]. Microchannel-based reactors may perform at near



UNIVERSITAT ROVIRA I VIRGILI
THERMODYNAMIC STUDIES AND APPLICATIONS OF POLYMERIC MEMBRANES TO FUEL CELLS AND MICROCAPSULES
Luizildo Pitol Filho

ISBN:

978-84-691-0368-5/DL: T.2182-2007

isothermal conditions even extremely exothermic or endothermic reactions, or
controlled conversion of explosive mixtures [31]. Liquid-liquid mixing in those
devices was extensively studied for several geometries [32]. The expression
micromixers broadly designates chemical systems manufactured with
techniques originally developed for electronic circuits [33]. A typical micromixer

is shown in Figure 3.10, as well as its internal chip-like mixing element [34].

In Figure 3.10, the housing of the micromixer is shown externally (a) and
internally (b), as well as the mixing elements (called LIGA tool). Typical widths
of the microchannels are around 25 ym — 40 ym [35]. In (d) part, the operation
of the microreactor is described. Two immiscible liquids are piped into the
housing, and they mix in the LIGA tool element, flowing out of the micromixer by
the outlet line in the top plate. Therefore, this conformation of micromixer allows

the preparation of emulsions.

Inlet 1 ¢ , Top plate  Outlet Bottom plate

LIGA ~
tool

Fluid 2

<«

Microchannels

Figure 3.10 - Typical micromixers: (a). external view, with silver and nickel
mixing elements; (b): disassembled micromixer; (c). SEM image of

microchannels; (d): operation mode.
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The emulsification of liquids involves a lot of parameters. Key factors are the
viscosities of the liquids to be mixed, and the flow regime [36]. Depending on
the cases, increasing the flow rates of the continuous phase would lead
eventually to the formation of droplets rather than plugs, what happens in low
flow rate regimes. It is not necessary, however, to have Reynolds number
bigger than the unity. In fact, some studies proved, as in the case of the
crystallization of barium sulfate nanoparticles [37], reduced size particles were
obtained while operating the micromixer at high flow rates. So, if the objective is
the production of perfectly spherical particles of a determined size, it is

mandatory to find the optimal flow rate.

At low Reynolds number the dominant mechanism of formation of droplets may
be the Rayleigh-Taylor instability theory [38]. At a liquid-liquid interface, when
the light fluid pushes the heavy fluid with an acceleration above a critical value,

droplets are ejected from the heavy fluid bulk.

Concerning polymers, an interesting application of the micromixers is the
production of polymeric membrane microcapsules, possibly providing less
dispersion of sizes than precipitation by batch mode [39]. However, in this case,
two micromixers should be arranged in a series: the first one to promote the
emulsification, and the second one to precipitate the microcapsules, in a similar
way than the production of flat-sheet membranes, as explained before. We
assume that the non-solvent delivered to the system should be at least enough
to clean the surface of the polymeric droplets from the continuous phase.
Otherwise, non-spherical structures would be formed. Figure 3.11 represents
the possible steps of the formation of the microcapsules soon after the

formation of the droplets.
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(@)

Figure 3.11 — Schematic representation of a possible mechanism for the
formation of microcapsules. Steps:(a) droplet of polymeric solution surrounded
by cyclohexane; (b) DMF leaves the droplet in the radial direction; (c) final
capsule formed, hatched part is the final diameter and the grey part, the loss of
mass during precipitation; (d) still remains cyclohexane in the surface of the

droplet.

Figure 3.11 shows schematically the precipitation of the droplet. The formation
path from (a) to (c) summarizes the steps required to the proper precipitation.
The flow of water should be enough to complete wash away the layer of the
continuous phase covering the droplet surface. Then, in (b), the extraction of
solvent from the polymeric solution can occur symmetrically in the radial
direction, generating a perfect microcapsule (c) by the balances of momentum.
On the other hand, if the flow rate of non-solvent is not enough to clean the
surface of the polymeric droplets, the fast inversion phase process generates
structures that are not perfectly spherical (d). However, such assumptions
should be confirmed by further modeling. The application of the free-volume
theory also will be helpful to build the precipitation paths of the formation of the

microcapsules membrane, as in the case of the flat-sheet membranes.
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3.6 Direct methanol fuel cells

Recent applications of membranes are polymer-electrolyte membrane fuel cells
(PEMFC), which obtain energy from the oxidation of hydrogen to water. In this
case the membrane electrode assembly consists of gas diffusion layers, an
anode, a proton exchange membrane and a cathode. Use of hydrogen to
mobile applications implies in large fuel reservoirs that require a certain
pressure. For safety reasons, a liquid fuel may be more appropriate and
methanol is presented as an alternative, since energy can be directly obtained
from its reduction to carbon dioxide and the oxidation of the produced proton to

water.

Chemistry of methanol has been intensively studied, since it is an important
alternative source of energy, but published papers are mainly focused on direct
methanol oxidation to generate energy or methanol reforming to produce
hydrogen for fuel cells [40]. In 2001, researchers commented that seeking
alternative sources of energy would be stimulated if crude oil prices went
beyond US$20/barrel [41] and among liquid fuels methanol seems much more
promising than ethanol. We guess that there is no need to comment the

everyday rise of oil prices.

For cleaner environment, fuel cells are considered to be a promising energy
alternative. The most representative kinds of fuel cells are the PEMFC and the
direct methanol fuel cell (DMFC), that use proton conducting membranes [42].
Among PEMFCs, DMFC is considered to be very promising, because its
theoretical potential is higher than the hydrogen-based PEMFCs [43], also

allowing simple liquid handling.

Figure 3.12 shows a schematic representation of a DMFC single cell.
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Q\node Membrane Cathody

Membrane — Electrode Assembly (MEA)
Figure 3.12 - Schematic diagram of a direct methanol fuel cell (DMFC).

On the porous anode, eletrochemical oxidation of the methanol occurs,
producing carbon dioxide, protons and electrons. The protons diffuse through
the membrane to the cathode side, where they react with the oxygen in order to

produce water. The chemical reactions are described below [44]:

- on the anode: CH,OH + H,0 —» CO, +6H " +6e~ (3.34)

- on the cathode: 6H" +6e” +%O2 —3H,0 (3.35)

The most used membranes for DMFC are the perfluorinated sulfonated
NAFION® membranes of DuPont, owing to their chemical stability, high
conductivity and high permeability to protons. However, such membranes also
allow methanol to permeate, reducing electrochemical process efficiency,
increasing consumption of fuel and also damaging the own cell. Such
phenomenon is known as methanol crossover, and several authors have

reported its influencing factors, such as cell temperature, cathode pressure,
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methanol concentration and catalyst morphology [45,46]. Therefore, other
membranes are being tested and results are compared to NAFION® [44,47,48],

with better ratio conductivity / methanol permeability.

Fuel cells performance may be theoretically obtained by exergetic analysis [49]
and compared with efficiencies of internal combustion engines. Exergy
represents the maximal work obtained in any process and for fuel cells many

factors contribute to exergy losses, such as:

e Activation polarization due to finite electrocatalysis;

¢ Ohmic resistances in membrane electrode assembly;

e Mass transport limitations;

e Incomplete reaction;

e Irreversible heat transfer and mixing processes;

e Products and heat exhausted at temperatures higher than environment

temperature.

The exergetic approach would be an interesting tool to optimize

thermodynamically the fuel cells.

It is clear that the range of topics involved in the design and operation of a fuel
cell is so wide that, to have a complete portrait, researchers should follow the
advances of several areas of knowledge: catalysis, membrane technology,
polymers, transport theories, among many others. We collected information

mainly by using the search tool ScienceDirect (www.sciencedirect.com) of

numbers of papers containing the keywords DMFC and modeling related to fuel
cell technology and we analyzed the evolution of entries from late 2003 to 2007.
To complement such information, we also collected data of the impact index of
those publications compared to traditional publications of Chemical Engineering.
Both collection of data demonstrate the increasing interest in fuel cells and

serve as a guide to search information.
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The impact index of any journal may be provided by the ISI Web of Knowledge
® (isiknowledge.com), from The Thomas Corporation. For a determined journal,
the impact index is the ratio of the number of its cited papers in indexed
publications to the total amount of published papers, calculated on a three-year
basis. For scientific community it represents therefore how important is a journal,
related to other journals in similar areas. We grouped the publications into five
categories: catalysis, polymers, membranes, fuel technology and chemical

engineering, as seen in Figure 3.13.

DES, JMS, SPT JCIS, PES, POL

Membranes

Catalysis Fuel Cells

CAT, CATA, CATB, SSI

\_/

Fuel C Chemical
Technology Engineering

EF, FPT, JPS AIChEJ, ChES, ChEJ, IEChR

Figure 3.13 - Groups of publications.

Figure 3.13 illustrates how fuel cells are related to the groups we defined. The
complete name of each journal is in the nomenclature section. The journals
were chosen according to our experience in searching information; there were
no other criteria. Different groups could be suggested. For those groups, Figure
3.14 shows the evolution of impact index for each journal and behavior is

analyzed separately for each category.
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Figure 3.14 — Variation of impact index of fuel-cell related publications.

Among the groups shown in Figure 3.14, catalysis journals have the highest

impact indexes. As expected, CATB has the highest number, owing to the

worldwide interest in environmental issues. In the same period that the chemical

engineering journals maintained a stable behavior, polymer, membranes and

fuel technology journals experienced a significant increase in impact index.
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Many factors should have contributed to such panorama, for the notorious

advantages of the novel technologies, such as fuel cells.

Tools like ScienceDirect make much easier the time-consuming task of
bibliographic review; many of us still remember how was research before the
advent of internet, spending hours in the libraries to consult papers that very
often were already outdated soon after publication. Any expression can be
typed, but sometimes they results are quite confusing, especially if the topic has
wide and different applications such as ‘characterization membrane’ (9516
entries in 03.27.07) or ‘modeling membrane’ (2618 entries in the same day). In
this sense the acronym DMFC is quite positive, since it will not provide
misleading results. Figure 3.15 summarizes the papers containing ‘DMFC’ in
April 2007.

Number of DMFC papers
Total: 662 (April 3rd, 2007)
www.sciencedirect.com

I Other
wzza JPS

Figure 3.15 — DMFC in www.sciencedirect.com

In Figure 3.15 we observe that a significant number of articles dealing with
DMFC is published in JPS and FCB, that are obvious information sources for
fuel cells. However, an important number of articles is also found in EA, owing

to the electrochemical reactions, followed by membrane technology (JMS) and
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a catalysis journals (SSI). Therefore, any search of information in other catalysis
journals (CAT, CATA, and CATB) would be useless, since researchers do not
usually publish DMFC papers there (in April 3" 2007, just 8 papers were found
in CAT and no papers in CATA and CATB).

In spite of all the interest regarding DMFCs, just a few efforts are being made in
order to propose mathematical modelling comprising the mass transfer
mechanism through the membrane [44,50]. Figure 3.16 compares the entries
for the expression ‘modeling membrane’ to those for the acronym ‘DMFC’, in
JPS and JMS for the period from late 2003 to April 2007.

In Figure 3.16 we observe that during the last years ocurred a significant
increase of publications dealing with modeling of membranes, especially in JMS.
However, the most impacting change was in the research oriented to DMFC,
mainly published in JPS. As additional information, few papers on DMFC are
being currently published in JMS and interest of modeling issues is increasing
among JPS authors. On the other hand, if we search the combination of
‘modeling’ and ‘DMFC’, just 34 papers were found in whole ScienceDirect, 15 of
them in JPS and just 2 on JMS. Therefore, there is still room for improvement in
the modeling of DMFC. Recently an interesting review of the different currently
used approaches was published [51], and works were classified according to
their focuses, what is very useful for researches involving specific issues of fuel
cells, such as transport theories, polarization phenomena and methanol

crossover, among others.
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Figure 3.16 — Comparison between topics: modeling membrane and DMFC.

Experimental voltage-current curves of DMFCs were fitted to a mathematical
model that included generation of protons on the anode, oxidation of methanol
and its transport through the membrane, and also consumption of protons
[52].By using published data in which methanol concentration was 0.25M, fitting
parameters to the model were obtained and then simulations were performed in
order to build the voltage-current curves for methanol concentrations of 0.125M
and 0.5M. There was a good agreement between simulated and experimental
data, although the region of each curve corresponding to high current density

and low cell voltage was not well predicted by the model, probably owing to the
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fact that in this region also the fitted curve did not match correctly the
experimental data. Also an expression for the optimal methanol concentration
was derived, and the value found (0.97M) coincides with previously published
experimental value. Several factors that make difficult the modeling of DMFCs
were discussed, such as the controversial kinetics of methanol oxidation,
poisoning of cathode surface by methanol permeation and high electroosmotic

flux through the membrane owing to large amount of water on the anode side.

As exposed above, there is still room for improvement in DMFC modeling,
either in the catalysis or in the membrane part. Especially, topics such as
hopping and the diffusion of the chemical species in the polymeric structures

deserve further attention.

3.7 General comments

As seen in the previous sections, the production of microcapsules and the
operation of fuel cells depend on the properties of polymers. Therefore, the
knowledge of interaction of the polymeric species either with the transported
components or with solvents / non-solvents is mandatory to the optimization of
those processes. In the case of fuel cells, it will be helpful to find materials
suitable to maximize proton conductivity, reducing simultaneously the methanol
crossover. For the encapsulation of perfume, it will be important not only to
predict transport properties, but also to optimize design by choosing the most

suitable materials.
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4 Discussion and indicators of published articles

To the date of the publication of this thesis, three articles were already
published in international journals and one was accepted and is in press now. In
this section we present some impact data about the journals, and information
about the papers, such as presentation in congress and number of citations, if

any. The remaining articles are going to be submitted in the next weeks.

4.1 Impact information

The data collected in Table 4.1 were obtained in ISI Web of Knowledge, on May
2" 2007.

Table 4.1- Impact information of categories.

Journal Category MIF AlF All
JPS Electrochemistry 1.558 2.145 0.312
JPS Energy & Fuels 0.590 1.078 0.164
PES Polymer Science 0926 1.784 0.299
PES, DES Chemical Engineering 0.684 1.157 0.187
DES Water Resources 0.875 1.220 0.174
Journals:

JPS: Journal of Power Sources — 2.77 (in 2005)

PES: Polymer Engineering and Science — 1.076 (in 2005)
DES: Desalination — 0.955 (in 2005)

Category data:

MIF: Mean Impact Factor

AlF: Aggregate Impact Factor

All: Aggregate Immediacy Index
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4.2 Articles information

1. Title Experimental and computational study of
proton and methanol permeabilities through

composite membranes

Authors X. Zhang, L. Pitol-Filho, C. Torras, R. Garcia-
Valls

Published in Journal of Power Sources

Vol. (year) Initial — final page 145 (2005) 223-230

Communication in a congress | v' Oral Poster

Fuel Cells Science and Technology 2004
Munich (Germany)

Impact index of journal 2.77 (2005)
Cited by Paper R. Bashyam, P. Zelenay. Nature 443 (2006)
63-66

Presentation D.S. Cameron. Platinum Metals Rev. 49
(2005) 16-20.

In this article we presented a strategy to model the permeation of protons and
methanol through a fuel cell membrane, based on mass transfer resistances.
The developed model was used as a tool to interpret the experimental data for
composite membranes made of polysulfone and poly(ethylene glycol) (PEG).
We were able to conclude that the choice of a suitable porous support may
enhance the overall selectivity. However, the model should be based on more
advanced phenomenological theories of mass transfer through polymers to
provide a more accurate description of the composite membrane. More
experimental data than the presented would be also needed to support and

validate the model.

In a following article entitled Evaluation of poly(ethylene glycol) of different chain
length as a potential selective layer for direct methanol fuel cells, to be
submitted, we used the Vrentas-Duda free volume theory to calculate the

diffusive flux of water and methanol through a hypothetic PEG membrane. All
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the needed data were regressed or correlated from literature. The simulations
confirmed that the PEG of highest molecular weight is less selective to
methanol than the others, as expected. However, those simulations should be

later validated by experiments.

2. Title A method for assessing the choice of

polymeric materials for specific applications

Authors L. Pitol-Filho, R. Garcia-Valls
Published in Polymer Engineering and Science
Vol. (year) Initial — final page In press

Communication in a congress | v Oral Poster

Advanced Polymeric Materials 2006
Bratislava (Slovakia)

Impact index of journal 1.076 (in 2005)

Number of citations -

In this article we presented a complete strategy to predict several properties of
polymeric membranes, such as swelling degree and chemical equilibrium in
ternary systems. We showed that the Flory-Huggins theory may predict
accurately how a cellulose triacetate membrane swells in several organic
components and that, in some cases, a three-dimensional approach provided
better results than the classic model, as well as in the ternary system studied.
We used that method as a tool to make a first guess while choosing a polymer

to be a raw material for a direct methanol fuel cell.

The issue of the several methods presented in the literature to calculate all the
parameters involved in the determination of the Flory-Huggins interaction
parameter was explored in the article Methods to calculate penetrant-polymer
Flory-Huggins interaction parameters: comparison and validation, to be
submitted. In that article, predictions of molar volumes, total cohesion
parameters and binary Flory-Huggins parameters were compared to data taken
from literature for several systems. Our conclusion stressed the ones from the
previous article, that the three-dimensional approach leads to lower deviations

when predicted data are compared to published ones. However, still more



UNIVERSITAT ROVIRA I VIRGILI

THERMODYNAMIC STUDIES AND APPLICATIONS OF POLYMERIC MEMBRANES TO FUEL CELLS AND MICROCAPSULES
Luizildo Pitol Filho

ISBN: 978-84-691-0368-5/DL: T.2182-2007

binary systems should be studied in order to improve the applicability criteria of

this theory.

3. Title Modelling of polysulfone membrane formation
by immersion precipitation

Authors L. Pitol-Filho, C. Torras, J. Bonet-Avalos, R.
Garcia-Valls

Published in Desalination

Vol. (year) Initial — final page 200 (2006) 427-428

Communication in a congress Oral ¥ Poster
Euromembrane 2006
Giardini-Naxos (ltaly)

Impact index of journal 0.955 (in 2005)

Number of citations -

In this article we presented a ternary diagram of the system N-N-
dimethylformamide (DMF) — polysulfone (PSf) — water, with the spinodal curve,
where phase separation should occur. However, this spinodal curve was built
by using the water-PSf Flory-Huggins interaction parameter calculated by using
the classic approach. Later we proved such binary parameter should be
calculated by the three-dimensional model [53]. The spinodal curve calculated
with the new parameter is shown in the Figure 4.1. The curve is more consistent
with the reality, since it shows that a lower amount of water can promote the

precipitation of the polymer, a fact that is easily observed experimentally.
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Figure 4.1 - Phase separation curve of the system DMF-water-PSf.

In Section 3.3, we discussed how to get the free-volume parameters for the
polymeric systems from viscosity data and relaxation times. By using Hysys®
(Hyprotech), we obtained the viscosity curve of DMF with temperature at 101.33
kPa, to regress the DMF free-volume parameters. In the case of PSf, relaxation
times are needed. Published data of relaxation times obtained by time-resolved
light scattering for polyethersulfone [54] were used to regress the WLF
constants, what allowed us to finally get approximated values for the PSf free-

volume parameters. Table 4.2 relates all the data collected.

Table 4.2- Free-volume parameters for the system DMF(1) — PSf(2)

Component DMF(1) PSf(2)
V, cm®/g 0.927 0.747
Kaily 0.089 0.0002728
Kai - Ty -263 -293

E, J/gmol 177713
Do1, cm?/s  1.82E-05

Xi-PSf 0.9
& i.pst 0.3364
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By using the data collected in Table 4.2, it is possible to calculate how the
diffusivity of DMF varies with concentration in a binary system DMF-PSf. Figure
4.2 shows both the molecular diffusivity, which is calculated just by free-volume

theory, and the mutual diffusivity, that includes the thermodynamic contribution.

7e-6

be-6 ¢

5e-6 -

|
|
|
ThermOdyTamIC effect

|

4e-6 -

D, cm?%/s

6 4 3
3e-6 0\\}
2e-6 - Mutual diffusivity
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0.0 0.1 0.2 0.3 04 0.5

Wour: 9/9

Figure 4.2- Molecular and mutual diffusivity of DMF in a binary system DMF-PSf.

Figure 4.2 allows to understand how the thermodynamics of the binary system
affects the diffusivity of DMF. The molecular diffusivity tends to increase as far
as the weight fraction of DMF increases, since there is more space among the
polymer molecules for the diffusion of DMF. On the other hand, the
thermodynamic interaction between polymer and solvent reduces the total
diffusivity, and its effect is more significant as far as the solvent concentration
increases, generating a maximal point in the diffusivity curve. The free-volume
theory and the Flory-Huggins thermodynamic theory may be useful tools to
derive a complete model able to predict the membrane formation, as in cases

listed previously in Section 3.3.
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4. Title Novel polymeric membrane  structures:

microcapsules

Authors C. Torras, D. Gezahegn, L. Pitol-Filho, R.
Garcia-Valls

Published in Desalination

Vol. (year) Initial — final page 200 (2006) 12-14

Communication in a congress Oral v Poster

Euromembrane 2006
Giardini-Naxos (Italy)
Impact index of journal 0.955 (in 2005)

Number of citations -

In this article we presented some preliminar results of microcapsules production
by the immersion precipitation method, where a polymeric solution was dropped
into water. As soon as the polymeric solution touched the water surface, the
precipitation process started, forming the microcapsules. This mode of batch
operation provided low efficiency of precipitation, wide distribution of diameters
and formation of polymeric aggregates. An alternative to the batch mode is the
continuous production of the microcapsules by using micromixers technology. In
the article Fluidic and thermodynamic insights on the formation of polymer
microcapsules by using micromixers we explored some aspects of the
microcapsules production, by analyzing the flow regime and the thermodynamic
equilibrium during emulsification, as well as results of encapsulation of vanillin
(VNL) by varying the flow rate of the polymeric solution. We proposed a
mechanism of microcapsules formation where the non-solvent plays a
significant role, being necessary in a first moment to wash away the continuous
phase from the external surface of the droplets of the polymeric solution and,
then, to precipitate the polymer, forming spherical particles. However, such
hypothesis should be confirmed by further experiments and modeling. Phase
diagrams of the multicomponent systems will be useful tools to assess the

formation of the structures.
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5 Conclusions

The specific conclusions from the thesis may be condensed into three subjects:

thermodynamics, microcapsules and fuel cells.

5.1 Thermodynamics

To explain the behavior of penetrant-polymer systems, a popular approach is
the Flory-Huggins theory, since it provides good results a priori and it is based
on the molecular structures of the components. Those calculations involve a
series of parameters and very often the criteria of applicability of the group
contribution methods are not so clear. We could observe the following:

e for molar volumes, the Sugden and Blitz contribution methods have, in
average, equivalent results;

e the vaporization method provides lower deviation than Hoy or Small
methods. Those methods also include the molar volume, and
accumulated errors may exist;

e Three-dimensional (3D) approach for Flory-Huggins parameters leads to
lower deviations from the experimental results collected. However, the

criterion of applicability of the 3D approach should be improved.

By writing down the chemical equilibrium according to the Flory-Huggins theory,
it was possible to predict the swelling degree of dense cellulose triacetate (CTA)
membranes immersed in organic solvents, such as n-decane and 2,2,4-TMP
(trimethylpentane) and also in some alcohols, as ethanol, isopropanol and 1-
octanol. Methanol (MeOH) and water did not fit to the concentration predicted
by Flory-Huggins equilibrium, due likely to the very polar character of such
compounds, as shown in the literature. However, the swelling degree of CTA in
cyclohexane yielded a lower value than predicted, what was not expected at all.
For penetrant-penetrant-polymer systems, the simulated results agree with

literature for methyl tert-butyl ether (MTBE), but not for MeOH. By comparing
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with our own experiments and literature data, we observed that 3D Flory-

Huggins model is more helpful than the classic one.

With the concerns about the interactions between MeOH and polymers, we
used a free-volume theory coupled to the Flory-Huggins thermodynamic model
to recommend atactic poly(propylene) (aPP) as a raw material for membranes
that should provide less methanol crossover than NAFION®. However, it should

be also considered the mechanical strength of an aPP membrane.

5.2 Microcapsules

In the present work, by analyzing results of microcapsules production by using
micromixers, we were able to identify key parameters for a further robust
modeling strategy. According to the flow rate and chemistry of system, we were
able to obtain spherical particles of different diameters. By the addition of
vanillin, we obtain capsules up to 2 times bigger than the ones produced by just
precipitating polymer. By a mass balance based on the amount of polymer, we
deduced that the volume fraction available for the storage of products inside the
capsules my reach a value up to 0.88. The fluidodynamic model based on
Rayleigh mechanism allowed us to predict a microcapsule diameter closer to
the experimental one, for pure polysulfone capsules. At low flow rates of
polymeric solution, the resultant diameter of the microcapsule containing vanillin
was closer to the predicted value of the droplet, what evidences that was no
significant change in volume during precipitation. However, this does not apply

for the experiment with the maximal flow rate.

Further modeling, including the composition of thermodynamic equilibrium
diagrams, should be taken into account to understand the complete formation of
the microcapsules. Besides, it should include the study of the surface tensions,

to assess the water management of the system, among other issues.
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5.3 Fuel cells

We aimed to contribute to the phenomenological knowledge of the permeation

transport processes occurring in a fuel cell, by identifying the dominant

mechanisms and contributions to permeability of mass transfer phenomena.

The permeation of protons and methanol through composite membranes

provided data for modelling. The main conclusions of this study are:

The composite membranes tested provided a lower methanol crossover
than NAFION® 117. As this happens also for proton permeation, more
materials should be tested in order to manufacture a fuel cell with better
performance,

Transport probabilities for protons and methanol were maximum for the
membrane whose casting solution had 50 wt% of poly(ethylene glycol)
(PEG). For higher PEG contents, there may be less free space for
transport in the dense layer, so transport probability decreased,

Overall selectivity is maximum for a membrane with 20 wt% of PEG in
the casting solution. However, this value was higher when only the PEG
layer was considered, which indicates that selectivity may be enhanced if
another support layer is used,

When evaluating the resistance of the different mass transfer
phenomena, the PEG layer had the lowest resistance when the casting
solution had 50 wt% of PEG. Choosing a suitable porous support may
reduce total mass transfer resistance and increase overall selectivity,
Even if we consider instantaneous membrane-reservoirs equilibrium, the
interfacial mass transfer resistance may represent 12% of the total mass

transfer resistance.

We evaluated several PEG chain lengths as potential materials to obtain

selective layers for direct methanol fuel cells. We used literature data to regress

free-volume parameters for water-PEG systems and converted them into
MeOH-PEG data. We could observe the following:
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As long as the PEG chain length increases, the molar volume and the
Flory-Huggins interaction parameters also increase, due to the
preponderance of the aliphatic contribution to the total chain. PEGs with
higher thermodynamic interaction parameters y13 and y3 have low affinity
for water and MeOH.

The variation of the diffusive parameter A3 with the molecular weight of
PEG may be explained by the increasing energy of activation for
diffusion when chain length increases.

The molar volumetric ratio between the transported species and the
polymer jumping unit &3 and &2z exhibit a minimum for PEG 3400 and,
following this tendency, the value obtained for PEG 10000 is unexpected.
Another factor not explained in the reference papers, such as
crosslinking, may be the reason.

The flux of water is significantly reduced when any PEG is used instead
of PEG 200 and, naturally, the minimal one is obtained with a membrane
of highest PEG.

The flux of MeOH increases with the chain length until PEG 3400, and
then it experiences a significant reduction to minimal values. The reason
could be the behavior of the &i3and &3 parameters.

Finally selectivity for MeOH increases with chain length and, for lower
concentrations, just MeOH would cross the membrane. However,
selectivity can be reduced when feed MeOH solutions are more

concentrated, as in the case for PEG 10000.

The reasons above allowed us to conclude that PEGs with high molecular

weight are promising materials to manufacture selective layers for methanol fuel

cells, since it would be possible to work at higher concentrations of MeOH than

1.0M, that is typically used. However, other important aspects, such as proton

conductivity and chemical resistance to the feed solution, were out of the scope

of the present work and should be taken into account before final decision for a

determined material.
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6 Scientific contributions of this thesis

Engineering is more than just repeating a sequence of trial-and-error steps to
achieve a desired result. We should be able to predict as much as possible how
the chemical systems will behave, and therefore it is mandatory to establish
some guidelines that allow us to optimize laboratory resources and research

time.

This thesis deals with the knowledge of intrinsic properties of chemical
components, such as solvents and polymers, to understand transport properties
of the materials produced from those chemicals. By using free-volume theory
and a thermodynamic approach we were able to predict several kinds of data,
such as swelling degree of membranes and ternary equilibrium data,
recommend materials for fuel cell membranes, and even give hints about the
formation of polymeric membrane structures. We point out that our predictions

require very few experimental or adjustable parameters.

Concerning thermodynamics, the work developed generated an article, recently
accepted in Polymer Engineering and Science, which was also communicated
at the Advanced Polymeric Materials 2006 meeting held in Bratislava. During
the congress, we realized that still today a lot of research depends on empirical
methods, since very few works dealt with modeling or predictions. The same
happened in Fuel Cells Science & Technology 2004, held in Munich, where the
most part of the DMFCs works just considered the membrane as a black box
and prediction of methanol crossover through the membrane by advanced
theories was rarely considered. It is quite awkward, considering that fuel cells
constitute a subject of high technological impact and high interest nowadays,
when everybody is concerned about renewable power sources. At that meeting
we also had an oral presentation, and the results were published in Journal of

Power Sources.

For the formation of polymeric structures, however, a lot of work still needs to

be done. Both flat-sheet membranes and microcapsules may be modelled by



UNIVERSITAT ROVIRA I VIRGILI

THERMODYNAMIC STUDIES AND APPLICATIONS OF POLYMERIC MEMBRANES TO FUEL CELLS AND MICROCAPSULES
Luizildo Pitol Filho

ISBN: 978-84-691-0368-5/DL: T.2182-2007

the theories described in this thesis, as we indicated. Especially the knowledge
of the diffusion in polymers may be a helpful tool to draw the composition path
from the initial solutions to the final (porous or dense) structures. This thesis,
however, provides a complete set of rules to obtain each one of the properties

needed by those models, also discussing the limitations of some methods.
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7 Articles

The papers are annexed in the following order:

Thermodynamics

L. Pitol-Filho, R. Garcia-Valls. A method for assessing the choice of polymeric
materials for specific applications. Polymer Engineering and Science (2007). In

press

L. Pitol-Filho, R. Garcia-Valls. Methods to calculate penetrant-polymer Flory-

Huggins interaction parameters: comparison and validation. To be submitted

Microcapsules

C. Torras, D. Gezahegn, L. Pitol-Filho, R. Garcia-Valls. Novel polymeric

membrane structures: microcapsules. Desalination 200 (2006) 12-14.

L. Pitol-Filho, C. Torras, J. Bonet-Avalos, R. Garcia-Valls. Modelling of
polysulfone membrane formation by immersion precipitation. Desalination 200
(2006) 427-428.

L. Pitol-Filho, C. Torras, J. Bonet-Avalos, R. Garcia-Valls. Fluidic and
thermodynamic insights on the formation of microcapsules by using
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computational study of proton and methanol permeability through composite
membranes. J. Power Sources 145 (2005) 223-230.

L. Pitol-Filho, S. Alsoy Altinkaya, R. Garcia-Valls. Evaluation of poly(ethylene
glycol) of different chain length as a potential selective layer for direct methanol
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ABSTRACT

Polymeric membranes have several applications of high technological impact:
reverse osmosis, controlled drug delivery and fuel cell stacks, among many
others. However, the choice of the most appropriate polymer for a specific
application implies an exhaustive experimental work, which may be reduced
significantly if the chemical structures of polymer and transported molecules are
taken into account. From physico-chemical data such as viscosity (for
penetrants) and relaxation times (for polymers), free-volume parameters might
be estimated, as well as Flory-Huggins interaction coefficients. By combining
both theories, diffusivity of molecules  through dense polymers may be
evaluated, what allows us to predict membrane properties as water uptake, or
operation data as equilibrium concentrations for pervaporation and methanol
crossover in the case of fuel cell applications. Simulation results are compared
to the literature and agreement between the sets of data recommends the
proposed method as a helpful tool to decide which polymer is more adequate
for a specific purpose.

INTRODUCTION

Polymeric membranes have a wide field of applications, ranging from the
purification of products to the generation of energy, as a constituent of fuel cell
stacks. Among the recent studies of the membranes we can very quickly list:

- Reverse osmosis concentration of apple juice aroma components by
using composite polyamide membranes [1];

- Ultrafiltration of milk, to evaluate and predict total flux, rejection of milk
components and total hydraulic resistance by applying neural network
strategies [2];

- Separation of MeOH-MTBE [3] and EtOH-ETBE [4] mixtures by
pervaporation and subsequent prediction of fluxes by the engaged
species induced clustering (ENSIC) model;

- Controlled hydrocortisone release by using membranes composed by
different formulations of N,N-dimethylaminoethyl methacrylate and co-
acrylamide, where the water uptake and the swelling/shrinking represent
important phenomena [5];
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- The application of perfluorinated polysulfonated NAFION® (DuPont)
membranes in the construction of Direct Methanol Fuel Cells, where both
proton conductivity and methanol crossover are important issues [6-11].

As seen above, many applications of high technological impact depend on
membranes and, therefore, the knowledge of the constituent polymeric
materials is crucial, as well as the interactions between the permeant molecules
and the polymer molecules. Several strategies have been used to answer those
questions, as the use of neural networks, and thermodynamic models, such as
the ENSIC one. However, both approaches are somehow limited, because the
neural networks are just predictive for the materials that have been used to train
the algorithm and do not foresee situations when different polymers or
molecules are involved. On the other hand, the key parameters of the ENSIC
model, namely the elementary affinity between the non-polymeric species and
either a polymer segment or a previously sorbed molecule, are regressed from
sorption experiments. That means that no one of these approaches is useful
when the system studied is completely unknown.

A good starting point to describe polymeric solutions is the Flory-Huggins theory
[12], which allows us to determine the chemical equilibrium by using a single
interaction parameter. Such interaction parameter can be easily determined by
group contribution techniques, without the necessity of previous experimental
data. However, the Flory-Huggins equation just describes the solubility
contribution of the permeation phenomena [13]. To determine the other
contribution, the diffusive one, the Vrentas-Duda free-volume diffusion model
[14, 15] provides good accuracy without any use of any diffusion data, by just
combining the intrinsic properties of the transported species and the polymers,
such as viscosity and relaxation times. Several works combine the Flory-
Huggins and the Vrentas-Duda theories to study the swelling or drying of
polymeric films and even the formation of membranes from casting solutions
[16-21].

By combining both theories we describe and apply a method to estimate
properties such as swelling degree of cellulose triacetate (CTA) homemade
membranes immersed in different solvents, as well as ternary equilibrium data
for two chemical species adsorbing in a given polymer. We also estimate the
diffusivity of chemical components in polymers without any use of previously
published diffusion data. We would like to point out that all the parameters that
we used in this paper are purely predictive, without any adjustment or
regression from diffusive experimental data. Therefore, it can be used not only
to predict properties and operation data for membranes, but also allows
recommending polymers for specific applications.

METHODS

Preparation of membranes

To prepare the CTA membranes, 1.5g of CTA (Aldrich, ref 18,100-5, MW
103,000) were dissolved in 20 ml dichloromethane (Scharlau Chemie S.A,
Spain, 99.9 wt %) and vigorously mixed during 12 hours at room temperature.
Then the solution was cast onto a glass plate in enough volume to provide
circular-shaped membranes with thickness around 100um after solvent
evaporation.
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Determination of swelling degree
To determine the swelling degree, the membranes were immersed in pure
organic solvents, alcohols or water during 12 hours at room temperature. After
immersion, the excess of solvent was removed from the external surface of the
membranes with filter paper, and then the membranes were weighed. The
swelling degree was then determined by Eq. (1):

m My, 1)

SD = wet
mdry

The swelling degree of the CTA membranes was measured for distilled water,
methanol (99.8 wt%), ethanol (99.5 wt%), 2-propanol (99.9 wt%), 1-octanol, n-
heptane, n-decane (with purity higher than 95 wt%), cyclohexane (99.5 wt%)
and 2,2,4-trimethylpentane (99.5 wt%). Methanol, ethanol and cyclohexane
were provided by Panreac Quimica S.A. (Spain), 2,2,4-trimethylpentane and 2-
propanol were provided by Scharlau Chemie S.A. (Spain), and 1-octanol, n-
heptane and n-decane were provided by Merck Schuchardt (Germany). The
swelling degree was used to calculate the volume fraction of solvent in the
membranes by Eq.(2):

V., \
i 1—-SD). polymer
o (1-sp) S

i polymer

SD.

All the experiments of swelling degree were repeated at least three times.

Calculation of species-polymer Flory-Huggins interaction parameter

In order to determine the species-polymer Flory-Huggins parameter, we first
need to calculate the molar liquid volumes at OK and the cohesion parameters
(also known as the solubility parameter) for the chemical species and the
polymers. Among the methods to calculate the molar volumes, there are the
group contribution rules compiled by Sugden and Blitz [14]. We used Blitz rule
for the alcohols and the Sigden one for the other components, including
polymers. Then, the cohesion parameter is calculated for polymers according to
group contribution rules [12] and for the chemical species by using the enthalpy
of vaporization method [22]. The enthalpies of vaporization were determined by
the commercial software Aspen HYSYS®, by choosing the Antoine’s equation
of state. We selected such method since it provided closer values to those
already published. The Flory-Huggins coefficient can be then calculated
according to Eq.(3) [23]:

Vv 2
. =035 L0 -0 3
Xi3 +RT( i 3) ( )

In Eq.(3), the subscript i may represent any chemical species that interacts with
the polymer. However, when the components are polar or make hydrogen
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bonds, a three-dimensional (3D) Flory-Huggins parameter is preferred [24], as
stated in Eq (4):

V.
Zo=a Dy’ ()
Di23 =Wy (5i,d - 53,d )2 + Wp (5i,p - 53,p )2 + Wi (5',hb - 53,hb )2 (4-1)

In Eq (4.1), 84, 6, and onp represent the Hansen parameters that comprehend
the dispersive, polar and hydrogen-bonding effects of a given component.
There are group contribution methods to calculate each one [22]. For polymers,
the calculation procedures involve the repetition unit, what means that that the
cohesion parameter does not depend on the molecular weight. A commonly
used weight distribution for those effects is a (4:1:1) distribution, where
(Wa:Wp:Whp) = (1:0.25:0.25) while a is equal to the unity [24].

However, in some cases either §, or 6y, is missing for one component of the
pair solvent-polymer, what requires another strategy. Since the existence of a
zero in Eq (4.1) would lead to very large numbers owing to the square potency,
we decided to calculate a lumped Hansen parameter, comprehending both the
polar and the hydrogen bonding effects. So, if the solvent has dn, equal to zero,
for example, and the polymer has all the Hansen parameters different than
zero, we calculate a lumped Hansen parameter (8,-np) for the polymer:

53%p_hb = 53%p +850 (4.2)
Then Eq (4.1) becomes:
D =W, (5i,d — 054 )2 +Wo_ho (5i,p — 03 pw )2 (4.3)

In Eq (4.3) the lumped polar-hydrogen bonding weight (wp.np) remains 0.25.
Such strategy also was used when there was missing the hydrogen-bonding
effect for the polymer, by calculating the lumped parameter for the solvent.

Calculation of permeant-permeant interaction parameter

In this paper when we talk about permeant-permeant interaction parameter, we
refer to the interaction between two chemical species in contact with the
polymer. In the literature, especially in the formation of membranes by phase
inversion, those chemical species are usually called solvent and non-solvent.
However, we think that in our present studies, this denomination is
inappropriate, since no species is dissolving the polymer, but permeating into it.
The permeant-permeant interaction parameters should be calculated from
vapor-liquid equilibrium data, according to Eqgs.(5) and (6) [25]:
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For the moment, we need vapor-liquid equilibrium data from the literature to
regress the permeant-permeant interaction parameter but we are working on
the determination of such data by using the UNIFAC method, since the
literature cannot provide data for all the possible binary systems.

Determination of chemical equilibrium

When two phases are in equilibrium, their chemical potentials are equal. We
can therefore write equilibrium expressions based on Flory-Huggins theory [19].
For a polymeric membrane (component 3) immersed in a solution with a given
species molar fraction x4, we have:

%:ln(xl):ln(¢1)+(l_¢1)+ll3(l_¢1)2 (7)

For a membrane immersed in a pure solvent (x, =1), Eq.(7) becomes:

In(g,)+(1—¢)+ 2,5(1-¢,) =0 (8)

On the other hand, if a membrane is immersed in a mixture of two solvents, the
permeant(1)-permeant(2)-membrane(3) chemical equilibrium is written similarly,
but including the permeant-permeant interaction parameter yq2, according to
Egs. (9) and (10):

In(x,)=1n(4 )+ ¢, + (1 + 2008, N1~ 6)~ 2828 (9)
ln(X2 ) = ln(¢2 )+ P, + (le¢1 + X239 )(1 -, )_ X095 (10)

Calculation of permeants free-volume parameters

The free-volume parameters of several permeants were published by Hong
[26], in a paper where the author also describes a method to regress these
parameters from viscosity data. Some of the studied compounds were not in the
list, so we obtained the viscosity-temperature fits by using the commercial
software Aspen HYSYS®, what allowed us to regress the missing data. Once
more, Antoine’s equation of state was chosen.

Determination of diffusivities

The free-volume theory describes the diffusivity of components in polymeric
systems. For multicomponent cases, recently a friction-based diffusion model
was proposed by Alsoy and Duda [21]:

3 ) ou.
D, =23 g | D, % _p (11)
RT & 0P, 0P,

J#i

For a binary system where MeOH diffuses through a polymer, Eq (11)
becomes:

Dyveon = D1(1_¢1)2(1_2ll3¢1) (12)

Where
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D, =D, exp[_RE} exp| - AV, + (l_¢1 )513\/3
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/4

(12.1)

(12.2)

Literature lists values for the polymer free-volume parameters [26], as well as

the calculation procedures for each one of them.

Summary of the method

The method that we propose to assess the choice of polymeric materials is
based on the Vrentas-Duda free-volume theory. A scheme of the calculation
steps for each property is shown in Figure 1. First, we need to know the
molecular structures of the components. Then, we can arrange the properties in

two different groups: a thermodynamic group and a free-volume one.

Diffusivity for ternary systems
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Figure 1 — Summary of the method to calculate properties for ternary systems.

In the thermodynamic group, from the chemical structures it is possible to
determine the molar volume and the cohesion parameters for the polymer and
both penetrants. Then, by Egs (3) and (4), according to the case, Flory-Huggins
interaction parameters between the penetrants and the polymer are calculated.
Eq(4) is used when it is possible to calculate for both the penetrant and the
polymer at least two of the Hansen parameters (dispersive, polar, and hydrogen

bonding). Moreover, the system has to satisfy the following condition:
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(51,1' o 53,1' )2
(51,d - 53,d )2 + (51,p - 53,p )2 + (51,hb - 53,hb )2

>0.5 (13)

where j represents either polar or hydrogen-bonding effects. Such restriction
assures us to obtain more accurate predictions.

Ternary systems also require a penetrant-penetrant interaction parameter,
which can be obtained through vapour-liquid equilibrium (VLE) data. However,
the data available in the literature are often incomplete, since the activity
coefficients are missing in the reported VLE data for some systems [27-28]. We
are going to overcome this problem in future works by including the prediction of
VLE by the modified UNIFAC (Dortmund) method [29]. With this achievement,
the predictive character of our method is going to be stressed and expanded.

On the other hand, the free-volume group of parameters require the calculation
of the ratio of permeant to polymer jump size units (&), which can be obtained
through the glass transition temperature of the polymer [26]. It is necessary to
determine also the penetrants free-volume parameters, through analysis of
viscosity-temperature data. In the case of polymer, the free-volume parameters
are related to the Williams-Landel-Ferry (WLF) equation [26], whose constants
can be found through the relationship between the glass transition temperature
and relaxation times [30]. For the prediction of methanol crossover, however,
we used the polymer free-volume parameters reported by Hong [26].

RESULTS

Swelling degree: prediction and experimental determination

The swelling degree obtained experimentally was converted to the volume
fraction by using Eq (2), which is shown in Figure 2 as a function of the Flory-
Huggins interaction parameter. The upper part (a) contains Flory-Huggins
parameters that were correlated by the classical equation (Eq(3)) and, in the
lower part (b), Flory-Huggins interaction parameters were calculated by using
both Eq (3) and (4), according to the criteria previously described. Table 1 lists
the sets of parameters. In Figure 2a, we observe that, although the major part of
the components are very close to the curve predicted by Eq (7), cyclohexane
and the short-chain alcohols are not well described by the classic model. Water
was not shown in that graph, since its coordinates using the classic model were
out of range. For the alcohols, the difference of polarity between the penetrant
and CTA may be the reason for the divergence with the Flory-Huggins fit,
because the experimental volume fraction approaches to the predicted one as
far as the number of the hydrocarbons in the alcoholic chain increases. Such
hypothesis is confirmed by Figure 2b, where the Flory-Huggins interaction
parameter of some components was calculated by using the 3D model,
considering dispersive, polar and hydrogen bonding effects. Results are much
better, especially for MeOH and EtOH. For water, however, the volume fraction
is still very far from the calculated value. To explain the thermodynamic aspects
of diffusion of water in chains of poly(ethylene glycol) of different molecular
weight, Vergara et al. [31] used the van Laar activity model instead of the Flory-
Huggins approach, what confirms that other theories are needed to predict
systems involving polar and hydrogen-bonding effects.
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Figure 2 — Volume fraction of penetrants in CTA as a function of Flory-Huggins
interaction parameter.

The interaction between the polymer and non-polar components such as n-
decane and 2,2,4-TMP is appropriately correlated by the theory. However,
cyclohexane exhibits a very unexpected behavior, since the experimental
volume fraction is much lower than the predict one. However, for the system
cyclohexane-polyisobutylene [32], it was reported that exists a good agreement
between the Flory-Huggins theory and the experimental data. The interaction of
cyclohexane with other polymers should be studied.
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Table 1 — Cohesion and Hansen parameters for the swelling experiments and for the ternary equilibrium predictions (3: CTA).

Component | V, Cm3/gmol 6i, MPa1/2 Sd, MPa1/2 6p, MPa1/2 6hb, MPa1/2 xi3C|aSSIC Colzrseecélon XisCorrected xigswelllng
Cyclohexane 87.6 15.8 16.5 3.1 0.0 0.67 Eq (4.3) 0.92 1.95
n-Decane 158.4 13.7 15.8 0.0 0.0 2.07 - - 1.60
EtOH 44.3 24.9 12.6 11.2 20.0 1.29 Eq (4.1) 0.92 1.05
n-Heptane 114.9 14.0 15.3 0.0 0.0 1.42 - - 1.10
IPA 71.6 23.4 14.0 9.8 16.0 0.95 - - 1.29
MeOH 30.6 29.2 11.6 13.0 24.0 1.81 Eq (4.1) 1.10 0.93
MTBE 91.8 23.5 21.5 8.4 4.7 1.16 Eq (4.1) 1.07 -
1-Octanol 119.9 16.4 21.0 5.9 12.9 0.65 - 0.71
2,2,4-TMP 129.4 13.0 15.1 0.0 0.0 2.10 - 1.84
Water 19.3 46.0 12.2 22.8 40.4 6.18 Eq (4.1) 2.40 1.39
CTA 192.2 18.8 17.7 5.3 11.9

Table 2 — Data for MeOH-MTBE-CTA equilibrium.

ZMeOH—MTBE = a+b¢MeOH +C¢I\2/IeOH +d¢l\3/IeOH +e¢l§leOH
a b C d e
1.15 -2.88 16.98 -26.55 13.51
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Some authors use Eq.(8) to obtain the Flory-Huggins parameter from swelling
experiments [25]. Table 1 also compares the interaction parameter obtained
from Egs. (3) and (4) (predicted one) to the value that could be obtained from
the swelling experiments. For 1-octanol the difference between the predicted
and the swelling value is minimal. Bhat and Pangarkar [33], through swelling
experiments, obtained 1.0184 as the MeOH-CTA interaction parameter, what
confirms the accuracy of our experiments. We point out, however, that the
choice of a thermodynamic model to describe a MeOH-polymer mixture should
be taken carefully.

Finally, the differences found between predicted and experimental data may be
due to the change on polymer elasticity when it swells. However, for the present
work we decided just to consider the thermodynamic equilibrium and neglect
the effect of other phenomena.

Ternary systems: prediction and comparison to literature

To increase the number of octanes in gasoline, MTBE represents a good
alternative to the lead additives that also reduces the carbon monoxide
emissions [34]. MTBE is produced by reacting isobutylene with an excess of
MeOH, because the reaction is equilibrium-limited. Then, MTBE should be
separated from the unreacted MeOH. Some authors [34, 35] study the
purification of MTBE from this mixture by pervaporation using a CTA
membrane.

By using the ternary equilibrium equations (Egs.(9) and (10)) and the Flory-
Huggins interaction parameters reported in Tables 1 and 2, we obtained the
volume fractions of MeOH and MTBE as a function of the MeOH molar fraction
in the mixture, shown in Figure 3.

0.30

--------- Classic Flory-Huggins
SR 3D Flory-Huggins
MTBE\\. ® O Literature data [35]

0.25 1 e

0.20 ~

5015 1
0.10 - _
0.05 - _
0.00 4=
N B g
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Figure 3 — Volume fraction of MeOH and MTBE in CTA varying with MeOH
content in the liquid mixture.
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Both classic and 3D Flory-Huggins models were used, and the 3D model
provided better results, since it takes into account the polar and hydrogen-
bonding effects. The data were compared to sorption experiments [35] with an
excellent agreement for MTBE. As happened in the swelling experiments in the
previous section, the prediction of MeOH volume fraction is lower than the
experimental values. However, the 3D model curve for MeOH allowed us to
observe a derivative similar to the experimental one, what made us suspect that
the divergence from the predictions is caused by the MeOH-MTBE parameter.
The VLE equilibrium data used to calculate the MeOH-MTBE parameter were
obtained by Loras et al. [36] at 94 kPa, what may be another reason for the
deviations between predicted and experimental fits. With the further calculation
of the VLE data by UNIFAC method, we will reduce the dependence of our
model on external data.

Prediction of methanol crossover

Lately, direct methanol fuel cells (DMFC) are being studied for as energy
sources for transport and portable applications. However, a serious limitation of
the fuel cell is the methanol crossover through the membrane, what represents
a significant loss of fuel and also may damage the cathode, where the oxygen
reacts with the protons to produce water [37]. The most used membrane for
DMFC is NAFION®, which has good proton conductivity but also considerable
methanol permeability.

By using the Vrentas-Duda theory, we evaluated the methanol crossover in
some polymers and compared to the performance of NAFION® 117, from the
literature. The thermodynamic parameters used are listed in Table 3.

Table 3 — Cohesion and Hansen parameters for polymers.

Polymeri V,cm¥gmol &, MPa' &4, MPa" 5, MPa'? &, MPa'? Coarf:;'on
PMS 106 251 19.3 3.1 0 Eq (4.3)
PBD 58 17.8 - - - -
PP 94.6 15.8 - - - -
PMMA 150.6 14.7 7.6 4.2 5.8 Eq (4.1)
PEMA 167.2 14.8 8.4 3.8 5.5 Eq (4.1)
PIPA 118.9 17.0 13.8 5.3 6.5 Eq (4.1)
PDMS 67.2 14.0 groups groups groups Eq (4.1)
missing missing missing
NAFION® 192.1 16.1 groups groups groups
missing missing missing

For PDMS and NAFION it was not possible to calculate the Hansen
parameters, because some of the chemical groups were lacking in the
reference used [22]. To obtain the values shown in Table 4, we first predicted
the Flory-Huggins interaction parameter between methanol and each polymer,
and then, by using the relationship between the chemical potentials of the liquid
and the polymeric phase, we calculated the equilibrium concentration when
solutions of 12 gmol/l and 18.5 gmol/l of methanol are put in contact with a
membrane.
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Table 4 — Data for prediction of methanol crossover.

Polymer (J) %MeQH‘i AMeOH,j lf/lle)OH lf/lle:())H Dli/:e)OH ’sz /s Dls/:ég)H ’sz /s
PMS® 0.1473 2.541 0.0054 0.0076 - -
PBD 0.3586 2.117 0.0082 0.0118 3.76.10° 3.66.10°
PP 0.3297 2.774 0.0042 0.0060 5.06.10°" 5.23.10

PMMA®" 03223 1.464 0.0162 0.0234  2.46.10* 5.02.10*
PEMA®) 02269 1.445 0.0164 0.0237 1.64.107"° 7.51.10"°

PIPA 0.3268 1.189 0.0214 0.0310 4.21.10° 4.43.10°
PDMS 0.1585 3.057 0.0032 0.0045 3.97.10" 3.91.10"
NAFION®™ 0.1942 2.668 0.0047 0.0067 2.12.10° 2.38.10°

1 (1)

Refer to 12 gmol/l of MeOH in water, and refer to 18.5 gmol/l.

(*) Unreasonable results or infeasible solution.
(**) Experimental data [36], for NAFION®117.

Polymer and MeOH free-volume parameters were taken from the literature [25].
Polymers that likely provide lower methanol crossover than NAFION® should
have bigger values of both &weon-polymer @aNA YMeoH-polymer, DY Meaning that there is
less free space for the MeOH molecules diffuse within the polymeric chains,
and also lower thermodynamic affinity. Therefore, good candidates could be
atactic poly(propylene) (PP), poly(methyl metacrylate) (PMMA) and poly(ethyl
metacrylate) (PEMA). However, we realized that the determination of diffusivity
gives infeasible results when the Ku-Tgi parameter is lower than — 269K, as in
the case of PEMA, PMMA and PMS. For PMMA and PEMA, calculated
diffusivities ranged from 10 cm?/s to 10"° cm?%s, that do not represent
reasonable values. Poly(isopropyl acrylate) (PIPA) provided a methanol
crossover around the reported for NAFION®117, while the diffusivity for
poly(butadiene) and poly(dimethyl siloxane) (PDMS) are higher, even
approaching the diffusivity of methanol in water. By these data and just
considering the prediction of methanol crossover, atactic PP most probably will
provide better results. However, before operating a fuel cell based on PP, there
are two important issues to be studied: if the polymer has the desired
mechanical strength and if is proton-conductive. Our results, however, can
indicate the way to be pursued at the laboratory, therefore reducing the number
of experiments and associated costs.

CONCLUSIONS

We present here a method to predict results of membrane operations before
performing the experiments. By group contribution methods, without any
adjustment from experimental data, it was possible to predict the swelling
degree of CTA membranes immersed in organic solvents, such as n-decane
and 2,2,4-TMP and also in some alcohols, as EtOH, IPA and 1-octanol.
Methanol and water did not fit to the concentration predicted by Flory-Huggins
equilibrium, due likely to the very polar character of such compounds, as shown
in the literature. However, the swelling degree of CTA in cyclohexane gave a
lower value than predicted, what was not expected at all. For penetrant-
penetrant-polymer systems, the simulated results agree with literature for
MTBE, but not for MeOH. By comparing with our own experiments and literature
data, we observed that 3D Flory-Huggins model is more helpful than the classic
one.
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For the cases where there was no agreement between the experimental and
predicted data, in the future we will substitute the Flory-Huggins-based chemical
potential by the UNIFAC equilibrium model, to verify if such cases can be better
predicted. Also the UNIFAC equations will help us to reinforce the predictive
character of our method, since it will be possible to calculate also the VLE data,
without the need of literature that presents very often incomplete data. Finally,
with the concerns about the interactions between MeOH and polymers, we used
the methodology to recommend atactic poly(propylene) as a raw material for
membranes that, according to the theory, should provide less methanol
crossover than NAFION®.
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NOMENCLATURE

Chemicals and model abbreviations

3D Three-dimensional Flory-Huggins model
2,2,4-TMP 2,2,4-Trimethylpentane

CTA Cellulose triacetate

ENSIC Engaged species induced clustering model
EtOH Ethanol

ETBE Ethyl tert-butyl ether

IPA 2-Propanol

MeOH Methanol

MTBE Methyl tert-butyl ether

PBD Poly(butadiene)

PDMS Poly(dimethyl siloxane)

PEMA Poly(ethyl metacrylate)

PIPA Poly(isopropyl acrylate)

PP atactic poly(propylene)

PMMA Poly(methyl metacrylate)

PMS Poly(a-methyl styrene)

VLE Vapor-liquid equilibrium

WLF Williams-Landel-Ferry equation
Variables

Do Pre-exponential diffusion coefficient, cm?/s
Dj Mutual binary diffusion coefficient, cm?/s
E; Activation energy for diffusion

AGF Excess Gibbs free energy

Kiily Free-volume parameter of component i
Koi-Tgi Free-volume parameter of component i
M; Molecular mass of component i, g/gmol
R Ideal gas constant
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T Temperature, K

Ty Glass transition temperature, K

Vi Liquid molar volume at OK of component |, cm3/gmol
Yi Molar fraction of the vapor phase

Greek letters

Yi Activity coefficient

5 Cohesion parameter of component i, MPa"?
&is Ratio of penetrant i to polymer (3) jump size units
. Volume fraction of component i

Xii i-j Flory-Huggins mteractlon parameter

Pi Mass density, g/cm®

Wi Chemical potential of component i
Subscripts

1 Penetrant 1

2 Penetrant 2

3 Polymer

d dispersion

hb hydrogen-bonding

p polar
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Abstract

The Flory-Huggins interaction parameter describes the affinity between a
penetrant and a polymer. There are some contribution rules to predict its value
from the molecular structures of the components, that require the calculation of
the molar volume and the cohesion parameters of all the components involved.
Those contribution rules do not require any experimental data. However,
sometimes it is not clear which rules should be more adequate for a determined
system. For several components, we compared the data of molar volume and
cohesion parameters available in the literature to values calculated by some
contribution rules. Besides, for some binary systems found in the literature, we
calculated the Flory-Huggins interaction parameter by a classic method and by
a three-dimensional approach.

Keywords: polymer, Flory-Huggins, thermodynamics, group contribution
Introduction

As polymers have a wide field of application, it is mandatory to know how they
interact with chemicals such as solvents. Thus, thermodynamics of polymers
may be a useful tool not only to understand how polymers behave, but also to
select which materials are more suitable for a determined application, such as
separation by pervaporation [1,2], coating technology [3], or membrane
formation [4,5]. The well-known Flory-Huggins model describes satisfactorily the
thermodynamics of polymers [6,7] with a single interaction parameter, that may
be determined either by experiments [8] or by group contribution rules [6].
Eq.(1) expresses a general form of the Flory-Huggins interaction parameter (y)
for a penetrant(1)-polymer(2) system:

Vv
112:ﬂ+aﬁD122 (1)

Table 1 summarizes the coefficients for the y expression for both classic and
three-dimensional (3D) approaches:
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Table 1 — Coefficients of the Flory-Huggins interaction parameters.

Approach « B D’
Classic[6] 1 0.35 (6,100 = G )
3D [7] T 0 (5,-6,,) +025(5,, —8,,F +0.25(5, — 5,y f

The 3D approach implies that the overall cohesion parameter is correlated to
the dispersion, polar and hydrogen bonding solubility parameters, also known
as Hansen parameters. Eq.(2) relates the overall and the Hansen parameters:
St =04 + 0, + Oy, (2)
There are several methods in the literature to calculate the cohesion
parameters and also to obtain the molar volume. However, very often the
critieria of applicability of such methods is not presented. In the present work we
compared published data of binary systems, such as molar volume, cohesion
parameters and Flory-Huggins interaction parameters, to calculated values for
the same parameters by using the available methods, in order to recommend a
method when no information is found about a determined chemical species.

Methods

To obtain the Flory-Huggins interaction parameter for a solvent-polymer pair,
first we need to determine the molar volume at OK and the cohesion parameters
for those species.

Molar volume at OK

The liquid molar volume at OK may be calculated either by group contribution or
by computing atom by atom in the molecular structure. Table 2 lists the Sugden

and Blitz atomic contribution rules [9].

Table 2 — Contribution rules to calculate molar volume.

Component Sugden (cm®/gmol) Blitz (cm®/gmol)
H 6.7 6.45
C (aliphatic) 1.1 0.77
C (aromatic) 1.1 5.1
N 3.6 -
O 5.9 -
Cl 19.3 16.3
S 14.3 -
Triple bond 13.9 16.0
Double bond 8.0 8.6
5-membered ring 1.8 -
6-membered ring 0.6 -
OH (alcoholic) - 10.5

OOH (carboxyl) - 23.2
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A more extensive contribution rule was compiled by Beerbower [10], where
groups are considered instead of atoms. Some examples are found in Table 3.

Table 3 — Contribution rule according to Beerbower’s compilation.

Group Beerbower’s rule (cm®/gmol)
- CH3 31.70
-CHy- 16.60
=CH- 12.40
>CH- -1.00
-COO- 8.20
-O- 3.60
-OH 10.47
>SiO< 3.80

In the literature, the molar volume is found either on a molar or on a mass basis.
All the rules presented here allow us to obtain the molar-based property.
Therefore, to compare to the mass-based values often found in literature, we
just divided the calculated values by the molar mass.

Cohesion parameters

The use of the cohesion parameters just aims to provide a simple method for
prediction of cohesive and adhesive properties of materials from the properties
of the pure components [10]. Very often the cohesion, or Hildebrand, parameter
is referred as solubility parameter, but such nomenclature is quite restrictive for
a quantity that may be helpful to correlate a wide range of physical and
chemical properties, such as the Flory-Huggins interaction parameter. The
cohesion parameter [6] is related to the molar energy of vaporization of a pure
liquid, also known as the cohesive energy-density by Eq. (3):

_ coh __ AEiV
5, =4EF" = Vi) 3)

Therefore, when the enthalpy of vaporization and the molar volume are known,
the cohesion parameter can be easily obtained. Eq.(4) expresses the enthalpy
of vaporization in terms of vapor pressure [11]:

dInP’
dT

AHY =TAS' =RT?

Finally Eq. (3) becomes:

_ |AHY—RT

5i = W = \//Omolar (AH ' RT) (5)
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Therefore, the cohesion parameter for the transported species may be obtained
either by calculating the vapor pressure or by using commercial process
simulators, like Aspen Hysys®, that have a very complete database of chemical
compounds. In the present work we used the Antoine equation of state. This
approach allows us to obtain a cohesion parameter depending on temperature,
what can be useful while modeling processes that do not occur at room
temperature.

However, since energy of vaporization for solids or polymers has no sense,
group contribution methods are required. Among them, the most widely used
are the rules provided by Small and Hoy [6], where a molar attraction constant
is given for each chemical group in the polymer repeating unit. By adding all the
constants, the cohesion parameter can be easily obtained:

2.F
S =1

i V.

(6)

Table 4 lists the molar attraction constants used to calculate the cohesion
parameters for the most common methods available in the literature. Those
values were obtained by regression analysis of physical properties data for a
wide range of organic compounds (640 compounds in the case of Hoy). In the
method provided by Small, however, some groups that form hydrogen bonds
were excluded.

Table 4 - Representative molar attraction constants.

Molar attraction constant, F
(MPa'? cm® gmol™)

Group Small Hoy van Krevelen

-CHj3 438 303 420
-CHy- 272 269 280
>CH- 57 176 140
>C< -190 65.5 0

-CH=CH- 454 497 444
>C=CH- 266 422 304
-O- (ether) 143 235 256
-OH - 462 754
-CO- (ketones) 563 538 685
-COO- (esters) 634 668 512
-OCOO- (carbonate) - (904) 767
-NH- - 368 -

-S- (sulfides) 460 428 460
-Cl (primary) 552 420 471

-Si =77 - -




UNIVERSITAT ROVIRA I VIRGILI
THERMODYNAMIC STUDIES AND APPLICATIONS OF POLYMERIC MEMBRANES TO FUEL CELLS AND MICROCAPSULES

Luizildo Pitol Filho
ISBN: 978-84-691-0368-5/DL: T.2182-2007

Another approach considers three aspects of the cohesion parameters:
dispersion, polarity and hydrogen bonds. In a recent work [12], we proved that
the 3D modeling should be preferred rather than the classic model, especially
when highly polar penetrants are involved. Extensive tables to calculate the
dispersion, polar and hydrogen-bonding Hansen parameters are presented in
the literature [10]. Such calculations, as the one expressed by EQq.(6), also
involve the molar volume.

Flory-Huggins interaction parameters

Eq.(1) was used to calculate the Flory-Huggins parameter at 298K, once the
molar volumes and cohesion parameters were calculated, for both classic and
3D models.

Results

Figure 1 shows the results for the molar volume of polymers, plotted against the
values found in the literature.
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Figure 1 — Comparison between published and calculated molar volumes.

Figure 1 shows good agreement between the published data and the values
predicted by both Sugden and Blitz rules for DMF [13], chloroform, HOAC,
EtGlyc, PropGlyc, n-pentane, n-hexane, n-octane, n-decane, benzene, PDMS
[9], water [9,13], MeOH [14,15], EtOH and IPA [16]. It is quite clear that Sugden
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and Blitz rules are preferred among authors, being just EtOH and IPA the most
significant exception, where the authors clearly used Beerbower rule.

Figure 2 compares the total cohesion parameters obtained to the published
values [6]. It is clear that the vaporization method provides lower deviation than
the other ones. We should keep in mind that, since the calculation of the
cohesion parameter by either Small or Hoy method involves the molar volume,
accumulated errors may exist. Therefore, by Figure 1, we can conclude that an
unfortunate choice of the molar volume can lead to high deviations in the
cohesion parameter. For each component we chose the method which provided
more agreement with the published values.

Besides, the method of enthalpy of vaporization also allows calculating the
cohesion parameter at different temperatures, what is useful for processes that
do not occur at room temperature. However, it is out of the scope of the present
work.

The knowledge of the cohesion parameters also may be useful for the organic
synthesis and the processing of new materials. When a new polymer is
synthesized, there is no other form to find an appropriate solvent for it than trial
and error. However, this search can be reduced by using the cohesion
parameters. A polymer is likely dissolved by a determined solvent if both have
similar cohesion parameters. Polymers of substituted benzylglycidylether
derivatives [17] were obtained and successfully dissolved by tetrahydrofuran
(THF), chloroform and benzene. However, the polymers were not dissolved by
acetone or MeOH. By using the Hoy and Small contribution rules, we calculated
the cohesion parameters for a series of those co-polymers, obtaining values
between 18 and 20 MPa'2. Those values are very close for the solvents
reported (benzene: 18.6 MPa"’?; chloroform: 19.0 MPa'’%; THF: 19.4 MPa'? [6]),
and quite distant for MeOH (29.7 MPa"?). However, the cohesion parameter for
acetone is around 20 MPa'. In this case we may assume that the effect of
precipitation is due to other effects, what maybe can be explained by using the
three-dimensional approach of Flory-Huggins theory. We will explore the
correlation of cohesion parameters for co-polymers in a further work.

Literature lists the Flory-Huggins parameters for several binary systems. We
collected data for the following systems:

e PDMS with benzene and MeOH [18], EtOH [19] and chloroform [19,20];

o PVA with benzene [18], water [15] and MeOH [15,18];

e CTA with benzene [18], MTBE [21] and MeOH [18,21];

e PSf with DMF, chloroform and IPA [22], HOAc [23], and water [13,23,24].

Figure 3 compares the data found in literature to the predicted ones, by using
both classic and 3D models. We observe that for most of cases, quality of
prediction was enhanced by considering the dispersion, polar and hydrogen-
bonding effects. It was necessary to include horizontal error bars for some
cases, when there was much difference between the values published for a
determined binary system.



UNIVERSITAT ROVIRA I VIRGILI

THERMODYNAMIC STUDIES AND APPLICATIONS OF POLYMERIC MEMBRANES TO FUEL CELLS AND MICROCAPSULES
Luizildo Pitol Filho

ISBN: 978-84-691-0368-5/DL: T.2182-2007

50
® Enthalpy of vaporization °
45 A O  Small contribution rule o
v Hoy contribution rule %
40 - =
o
& 35
=
g 4
S <
o 301 g 4
o @
o Y N
B 25 ® v % O
= v
. 5
T
20 H Qo %
w
15 4
10 T T T T
10 30 35 40 45 50
Published 5, MPa"?
24 ® Enthalpy of vaporization (b)
O  Small contribution rule -
v Hoy contribution rule g 2
E (@]
22
o @ [eh] 2 g v
“© = o S o)
2 P P E ® =
= ] § T 2 5 o
< § o 2
E o o] (&} o
O
z © v o
@ 18 +
e [ ]
o v x
v
v
16 = .
14— @ . ; . ;
14 15 16 17 18 19 20

Published 5, MPa'?

Figure 2 — Comparison between published and calculated cohesion parameters
(b: reduced scale).



UNIVERSITAT ROVIRA I VIRGILI

THERMODYNAMIC STUDIES AND APPLICATIONS OF POLYMERIC MEMBRANES TO FUEL CELLS AND MICROCAPSULES
Luizildo Pitol Filho

ISBN: 978-84-691-0368-5/DL: T.2182-2007

10
@® Classic
o 3D "
8 2
3 5
[1+]
Q=
< B
3 6- = o
8 I ® {
B 5
B o w = | o !
o 2 g
O e %
2 - o /O
——
& = Pst-HOAc
g (]
Qe L o
0 ‘I I T
0 2 3 4
Published %,
4
® Classic ®
o ® (b)
O o
3 5 T
= 5 g
= % < >
© Q O o
Q M L
s 24 o =
o E‘ Gm I L |
o 2] T
[ o o
o %) %
ggl Oy ]
1 il 0- I 1
[ ] CTA-MTBE
Q| e+
£ % CTA Benzeng
PDMS-Benzene
0 T T T T T T 1
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4

Published 7,

Figure 3 — Comparison between published and calculated Flory-Huggins
interaction parameters for classic and 3D models (b: reduced scale).



UNIVERSITAT ROVIRA I VIRGILI

THERMODYNAMIC STUDIES AND APPLICATIONS OF POLYMERIC MEMBRANES TO FUEL CELLS AND MICROCAPSULES
Luizildo Pitol Filho

ISBN: 978-84-691-0368-5/DL: T.2182-2007

For PDMS it was not possible to calculate the three-dimensional parameters
because the group contribution tables did not contemplate the (-SiO-) group.
However, PDMS-component interaction values calculated by the classic
approach fit well to the data published. We would like to emphasize that most of
those Flory-Huggins parameters were determined experimentally by sorption.
So, the three-dimensional approach reveals to be very useful, except for the
pairs PSf-CHCI3 and PSf-DMF.

Table 5 lists the three-dimensional Hansen parameters calculated by the
contribution rules for the components whose data were not found in literature.

Table 5 — Hansen parameters for polymers and penetrants.

Component 34, MPa'”> &, MPa'”  §,, MPa'”

MTBE 215 8.4 4.7
CTA 17.7 5.3 11.9
PVA 21.7 15.9 25.2
PSf 21.5 2.8 6.7

Recently [12] we proposed a criterion to apply the 3D approach, expressed by
Eq.(7), as follows:

r = (51,1 _53,1)2
J (51,d _53,d )2 + (51,;3 _53,;3)2 +(51,hb _53,hb )2

>0.5 (7)

where | represents either polar or hydrogen-bonding effects. Table 6 lists the
values of T" function for the studied systems, also evaluating if applicability of
Eq.(7) helped to improve predictions.

Table 6 — Applicability of criterion to choose a Flory-Huggins approach (v: yes;

X:n0)
Polymer Penetrant I Ihp Applicability of I criterion is correct?
PVA Water 0.13 0.63 v
MeOH 0.08 0.01 x
____________________ Benzene 010 084 Y .
CTA MeOH 0.24 0.60 v
MTBE 0.13 0.68 v
____________________ Benzene 015 082 Y .
pPSf Chloroform 0.52 <0.01 x
DMF 0.76 0.13 x
IPA 0.26 045 v
HOAc 0.30 0.50 v
Water 0.25 0.70 v

Although Figure 3 shows that the 3D approach provided less accurate
predictions for the system CTA-MTBE, we consider negligible the differences.
Therefore, by using the T" function, there are just three disagreements: PVA-
MeOH, PSf-Chloroform and PSf-DMF. It is remarkable that, for PSf-Chloroform
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and PSf-DMF the Ty, values are much lower than the limit suggested (0.50).
Then, the criterion could be updated to a one based just on the hydrogen-
bonding effects. In other words, the j index in Eq. (7) should refer to hydrogen-
bonding Hansen parameters. However, we still cannot explain the disagreement
between our criterion and the behavior of the PVA-MeOH system. On further
works, however, we will test the applicability of our method to more systems.

Conclusions

To explain the behavior of penetrant-polymer systems, a popular approach is
the Flory-Huggins theory, since it provides good results without using any
experimental data and it is based on the molecular structures of the
components. Those calculations involve a series of parameters and very often
the criteria of applicability of the group contribution methods are not so clear. In
this work, we aimed to compare published data to predictions using those
methods. Our conclusions may be summarized in the following points:

e for molar volumes, the Sugden and Blitz contribution methods have, in
average, equivalent results;

e the vaporization method provides lower deviation than Hoy or Small
methods. Those methods also include the molar volume, and
accumulated errors may exist;

e 3D approach for Flory-Huggins parameters leads to lower deviations
from the experimental results collected. However, the criterion of
applicability of the 3D approach should be improved.

Nomenclature

Acronyms

3D three-dimensional Flory-Huggins approach
DMF N-N-dimethylformamide
CTA cellulose triacetate
EtGlyc ethylene glycol

EtOAc ethyl acetate

EtOH ethanol

HOAc acetic acid

IPA 2-propanol

MeOH methanol

MTBE methyl tert-butyl ether
NBZ nitrobenzene

PDMS polydimethylsiloxane
PropGlyc propylene glycol

PSf polysulfone

PVA poly vinyl alcohol

Pyr pyridine

THF tetrahydrofuran

Variables and parameters
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Di? composition factor of Flory-Huggins parameter

Econ molar cohesion energy (J. gmol™)

F molar attraction constant (MPa'2.cm?®.gmol™)
AHY vaporization enthalpy (J. gmol™)

M molecular weight (g.gmol™)

pPY vapor pressure

R ideal gas constant

AS' vaporization entropy (J. gmol™.K™)

T temperature, K

Vi molar volume of component i (cm3.gmol'1)

Vi molar volume of component i (cm®.g™)

Greek symbols

a multiplying factor of Flory-Huggins parameter
B linear factor of Flory-Huggins parameter

8 Hansen parameter of component i (MPa'’?)

r orientative function to select Flory-Huggins approach
Pmolar molar density (gmol.cm™)

Mi chemical potential of component i

i i-j Flory-Huggins interaction coefficient
Subscripts

d dispersive

hb hydrogen-bonding

p polar

1 penetrant

2 polymer
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1. Introduction

In this work, microcapsules, which are novel
polymeric membrane structures, were prepared
by using the immersion precipitation technique,
and were morphologically characterized by
using several microscopy techniques [1].

The performance potential of this structure
is the possibility to encapsulate substances [2],
which can be delivered with a desired velocity,
by just controlling the morphology of porous
structured wall and its chemical composition.
Microcapsules with sizes of about 50 um are
expected to be obtained by using micro-
devices [3].

2. Experimental

Microcapsules were synthesized from poly-
sulfone as polymer and di-methyl formamide
(DMF) as solvent. Several coagulation baths
were tested by using water and iso-propanol
(IPA) as non-solvents, and also their mixture with
the solvent. Two types of synthesis techniques
were used. The first one consisted in adding the
polymer solution to the coagulation bath, which
contained a dispersing agent (gelatin) and the

*Corresponding author.

second one consisted in adding droplets of
polymeric solution to the coagulation bath.

The morphological characterization of the
external surfaces, and of the internal porous
structures of microcapsules, was carried out by
using several microscopy techniques: scanning
electron microscopy (SEM), transmission elec-
tron microscopy (TEM) and Confocal micros-
copy (Confocal). SEM and TEM were used to
characterize external surfaces. However, in
order to characterize the internal porous struc-
ture, serious difficulties arise, since this is usu-
ally done by SEM after cryogenically cutting the
membrane manually to obtain a cross-section
without modifying the structure [1]. In this case,
due to the size of the microcapsules (typically
from 1 to 500 um), it cannot be performed in the
same manner. Therefore, two techniques were
used instead: (1) a microcapsules-pellet was pre-
pared and then included in gelatin and resin in
order to obtain a full solid block that was feasi-
ble to be cut and examined by both TEM and
Confocal; (2) the microcapsules were filled with
a fluorescent agent and examine them with the
Confocal. The main advantage of this micros-
copy technique is that there is no need to cut the
sample in order to examine the internal struc-
ture, and a reconstruction of the entire volume
can be achieved.

Presented at EUROMEMBRANE 2006, 24—28 September 2006, Giardini Naxos, Italy.
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IFME
Acceso directo
1 KB

N° capsules: 12, Mean capsule size: 5.64 um
Biggest capsule size: 10.73 um

Smallest capsule size: 2.54 um

Std. deviation: 0.4679. Irregularity: 0.0067

Fig. 1. SEM micrographs of microcapsules obtained with 3% PSf in DMF with a composition of the coagulation bath of
50% IPA and 50% DMEF. IFME numerical results of micrograph (b).

Some of the qualitative results obtained with
the SEM and TEM were interpreted by using the
IFME" software [4], in order to obtain numeri-
cal results of the main morphological properties
of the membrane. For the Confocal results,
Image]”® and MetaMorph® software were used
in order to reconstruct and also interpret the 3D
structure of the microcapsules.

3. Results

The microcapsule synthesis using the first
technique (adding the polymer solution to the
coagulation bath containing the dispersing
agent) allowed us to obtain small microcapsules
with sizes varying from 1 to 50 um (Fig. 1). The
use of the dispersing agent did not avoid the
polymer aggregation which is caused by the fast
polymer precipitation. Therefore, the efficiency
(polymer transformed in microcapsule/total
polymer) of the process is low.

For this reason, the use of IPA provided bet-
ter results, since it has a low interaction with the
solvent and the polymer, and the precipitation

requires more time than when water is used as non-
solvent, where precipitation is instantaneous.

The microcapsule synthesis by using the
second technique (addition of droplets to the
coagulation bath) produced all the capsules with
the same size that is directly related to the
diameter of the needle used. Furthermore, the
efficiency was 100%. Capsules between 1 and
2 mm were synthesized (Fig. 2) and character-
ization results obtained from novel techniques
were compared to those obtained with traditional
ones, while preparing the device to produce
50 um microcapsules (to be carried out in micro-
devices [3]). Results showed the free volume
inside the capsule and a porous structure similar
than the flat membranes obtained with the same
synthesis conditions. Similar characterization
results were obtained with all techniques.

4. Conclusions and present work

An optimal technique to produce microcap-
sules consists of two-step process, which is the
synthesis of polymeric droplets and the posterior

Porosity: 0.0049 p/um?
Mean pore size: 9.9 pm
¥4 Std. deviation: 0.0985
j Asymmetry: 13%
Irregularity: 0.0002

Fig. 2. (a) Capsules obtained with 15% PSfin DMF with a coagulation bath containing 50%IPA-50%DMF. (b) and (c)
SEM cross-section micrographs and IFME® numerical results of (c). (d) 3D reconstruction of the 90 um thickness
central part of the capsule from Confocal results (without cutting the sample).
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precipitation. The efficiency is 100%, the homo-
geneity in size is total and no further substances
are needed. The confocal microscopy is a valid
technique to characterize morphologically the
internal structures of microcapsules.
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1. Introduction

Asymmetric membranes have a wide field of
application because of its unique morphology. Its
high selectivity is assured when a dense layer
alternates with a porous one. Immersion precipi-
tation is one of the processes generally used for
the membrane production. In this process, a poly-
meric solution placed on the top of a glass plate is
immersed in a bath of a non-solvent. The mem-
branes are formed as long as the solvent leaves
the polymeric layer and the non-solvent takes its
place. The driving force for the membrane forma-
tion is the difference of chemical potential
between the bath and the polymeric layer.

2. Experimental

A large number of membranes were obtained
by immersion precipitation technique using sev-
eral proportions of polysulfone (PSf) in dime-
thyl formamide (DMF) as solvent and several
compositions in the coagulation bath from pure
water to 2-propanol (IPA), as non-solvent. The
cross section of membranes was characterized

*Corresponding author.

by scanning electron microscopy (SEM) and the
micrographs obtained were interpreted using
IFME® software in order to quantify the main
morphology parameters. IFME® software was
developed by our group, and has been described
in a previous work [1].

3. Modelling

The formation of membranes may be
described by equations derived from the Free-
Volume theory coupled to the Flory—Huggins
thermodynamics. The equations used are very
similar to those derived for the obtention of
membrane by solvent evaporation [2]. Just the
boundary condition at the interface changes,
because here the liquid—polymer equilibrium is
taken into account. The continuity equations in
the polymeric phase are directly written in terms
of volume fraction, as well as the boundary con-
ditions and the equation for the thickness of the
membrane.

4. Results and discussion

Fig. 1 shows the cross section of a membrane
obtained with 20 wt.% PSf and its interpretation

Presented at EUROMEMBRANE 2006, 24—28 September 2006, Giardini Naxos, Italy.
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Fig. 1. SEM micrograph of a membrane synthesized with 20 w% polysulfone (PSf) in dimethyl formamide (DMF) and
with pure water into the coagulation bath; IFME® micrograph interpretation and symmetry analysis [1].

by using the IFME® software. After repeating
this method with a large number of different
membranes, a correlation was found between
the polymer concentration and the membrane
mean pore size [2]: P, =10.069 — 0.3961 [PSf].
In Fig. 1, both SEM image and [IFME® interpre-
tation show a distribution of porosity through
the membrane: a very dense layer on top and
regions of high porosity in the middle, and inter-
mediate porosity near the bottom. Such asym-
metric configuration may be useful for several

H,0

Macrovoids

Microporous region \

Dense layer

INONINING

RVAVAY < VAVAVAVAVAVANN

e |Initial casting solutions
—— Liquid — polymer equilibrium
—— DMF Spinoidal vs PSf spinoidal

F

Fig. 2. Ternary diagram for the system DMF—water—PSf.

applications that require high selectivity, for
example in fuel cells based on methanol. The
initial concentrations of the polymeric solutions
are shown in Fig. 2, as well as the equilibrium
curve that may exist when the precipitation
bath has a DMF molar fraction varying from
0.04 to 0.65.

Fig. 2 also shows the spinodal curve for the
system and the approximate location of the dif-
ferent polymer volume fractions once the mem-
branes are formed: a dense layer on top, a region
with macrovoids in the middle, and the micro-
porous regions. The mathematical modelling of
the membrane formation, by using Free-Volume
theory and Flory—Huggins equilibrium approach,
will provide the concentration paths that lead to
the obtention of each different region within the
membrane.
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Abstract

Microcapsules have wide applications in the field of controlled release, either for
drug or fragrances delivery. One possibility to obtain microcapsules is by
emulsifying a polymeric solution in a continuous phase and, then, by
precipitating the droplets in a non-solvent. Micromixing technology may be
used, where the solutions flow through microchannels, allowing a better control
of the synthesized structures. We present some results of diameters of
microcapsules obtained by varying the ratio of the polymeric solution to the
continuous phase. Pure polysulfone microcapsules were smaller than the ones
containing vanillin. A simple fluidodynamic model based on the Rayleigh
assumption was derived to predict the diameter of the microcapsules, as well as
the diameter of the vanillin core, and the species-polymer Flory-Huggins
interaction parameters were calculated, for further thermodynamic studies.

Keywords: microencapsulation, modeling, fluidodynamics, Rayleigh mechanism
Introduction

Microcapsules have applications of high technological impact, such as the
controlled release of drugs and perfumes, and they are composed by a
polymeric dense shell covering a core full of product. The polymeric shell may
have varying structure and even be porous, but its most external layer should
be dense, in order to control the release rate of the product. Much attention has
been done to the interfacial polymerization (a.k.a in situ polymerization), where
droplets of a monomer solution are put in contact with a solution of a second
monomer, and reaction is produced at the external surface of the droplet,
reducing the kinectic reaction as long as the dense layer is formed, blocking the
entrance of the external monomer and further stopping the polymerization
reaction. Some good examples are the production of poly(urea-urethane)
microcapsules [1] and the encapsulation of lemon oil in urea-formaldehyde [2].

Another way to produce microcapsules is dissolving both the product to be
delivered and the polymer in a determined solvent. Then, microcapsules may
be produced by precipitating droplets of the product-polymer solution into a non-
solvent phase, in a similar way to the formation of membranes by immersion
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precipitation [3]. In a previous work we produced polysulfone microcapsules by
batch mode [4], without any product inside the microcapsules. It was not
necessary to add any emulsifier to stabilize the droplets, since they precipitated
instantaneously. However, there was a wide distribution of diameters, as well as
formation of aggregates. The efficiency of the precipitation was very low.

Microchannels-based mixers, shortly called micromixers, have wide applications
in chemical engineering, being absorption, emulsification, foaming and reaction
just some of them [5]. Liquid-liquid mixing in those devices was extensively
studied for several geometries [6]. We built a set-up based on two micromixers
to produce microcapsules in two steps: (1) making an emulsion of a polymeric
solution in cyclohexane; and (2) precipitating the droplets in water. By keeping
constant the flow rate of the continuous phase (cyclohexane), we studied how
the flow rate of polymeric solution affected the diameters of the produced
microcapsules. Also we present some results of encapsulation of vanillin in
polysulfone by using this method. We were able to adjust a fluidodynamic
model based on Rayleigh mechanism to the diameters of microcapsules of pure
polymer, and, by comparison with the vanillin capsules, we were able to
estimate the diameter of the vanillin core.

Experimental
Description of experimental set-up

To obtain the polymeric microcapsules we designed a set-up based on
micromixers that was able, in a first step, to form droplets of a polymeric
solution in a continuous phase and, then, precipitate the droplets in water. We
needed to choose an appropriate continuous phase (cyclohexane) that would
neither mix with the solvent (N-N-dimethylformamide) nor precipitate the
polymer (PSf), to assure the formation of droplets. Figure 1 shows an image of
the complete set-up.
DETAIL OF THE PARTS

OF THE SET-UP VALVES TO WASTE THE FLUID
USED TO CLEAN THE SIMMMD ) uE 70 pUMP GLEANING FLUID MANOMETER &

(COUNTERFLOW UPERATION) TO THE SIMM MD ([COUNTERFLOW) 10 pm IN-LINE
FILTER
VALVES TO PRIME VALVES TO FILL 10 um IN-LINE v l

THE SYRINGES FILTERS
/

HPLC PUMP TO
CLEAN THE SIMM MD

CLEANING FLUID
VESSEL

POLYMERIC &
CONTINUOUS
PHASE VESSELS

NON-SOLVENT
SSEL

SYRINGE PUMPS
(CONTINUOUS & POLYMERIC PHASES)

WASTE QUTLET PERISTALTIC PUMP
MICRODEVICE [MICRODEVICE (NON-SOLVENT PHASE)

EMULSION
CHECK-POINT

PRODUCT VESSEL

Figure 1 — Experimental set-up for the production of microcapsules.
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Two syringe pumps deliver the continuous phase and the polymeric solution to
the Slit Interdigital Micromixer [7] (SIMM) (IMM - Institut fur Mikrotechnik Mainz,
Germany), where the droplets are formed. Then, the emulsion flows to the
Caterpillar Micromixer (CPMM) (also from IMM), where contact with water
(pumped by a peristaltic pump), and microcapsules are formed. Details of the
micromixers are seen in Figure 2.

(a) ,
Inlet 1 --.‘ S Top plate Qutlet Bottom plate

LIGA
tool

Nickel "

(d) Mixture e S . Details:
- SIMM: (a) to (d);
- CPMM: (e)
Fiuid 1 Fluid 2
Microchannels  [(€) .,

Figure 2 — Details of the micromixers used [8], except on (e) [9].

Figure 2a and 2b show the SIMM micromixer assembled and disassembled,
respectively. It is composed by a chip-like interdigitated mixing element, whose
SEM image is shown in Figure 2c, and a metallic housing. The micromixer has
two inlets, and a diagram of flows is shown in Figure 2d. The emulsion is
formed in the outlet slit, where the different liquids finally mix. Figure 2e shows
the interior of the CPMM micromixer. The geometry of the SIMM micromixer
used for emulsion was already described [10], and it consisted of a mixing
element of 18 pairs of channels of width equal to 25 um each, and a elliptical slit
of characteristic dimension equal to 60 ym. Computational Fluid Dynamics
(CFD) was used to verify if the behavior of the fluid streamlines, to check if
there is mixing in the direction perpendicular to the flow, or if Rayleigh
mechanism could be used to describe the formation of the droplets.

Chemicals

The chemicals used were DMF (99.8%, Scharlau, Spain), cyclohexane (99.9%,
Scharlau, Spain) and PSf (Sigma-Aldrich, Germany, MW 16,000). Solid vanillin
(VNL) was kindly offered by Procter&Gamble. In the experiments with pure
polysulfone, solutions of 3 wt% PSf in DMF were prepared. On the other hand,
for the encapsulation of vanillin, the polymeric solutions contained 3 wt% PSf
and 4 wt% VNL in DMF. The liquid samples obtained were filtered and then
analysed by Scanning Electron Microscopy (SEM).
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Formation of droplets based on Rayleigh mechanism

For the emulsification of the polymeric solution there are three different
contributions competing to determine the size of the droplets formed. This size
will eventually be related to the size of the microcapsules. These contributions
are:

- the kinetic energy;

- the gravitational energy;

- the surface tension.

According to this, let us assume that the fluids, being immiscible, form fluid
layers that move parallel to each other when leaving the microchannels. The
actual situation is very similar to that of spray formation except for the fact that
we have thin layers of liquid surrounding a thin layer of solution instead of air.
Following studies about this matter, there are three situations regarding the
mechanism that drives drop formation at increasing Reynolds number. These
are

- Rayleigh mechanism: drops of uniform size are produced,
- Inertial liquid oscillations: important size dispersion ;
- Complete atomization at short distance from the nozzle.

We expect that Rayleigh mechanism [11] is the one driving the break-up of the
continuous fluid layer. This is supported by the characterization of the flow that
we performed by computational fluid dynamics (CFD) taking into account the
flow rates and the geometry of the discharge slit (Fluent 6.2).

Figure 3 shows the geometry of the discharge slit, where the droplets are
formed (half part, since a symmetry edge can be assumed at the centre). The
section area of each microchannel is 1500 ym? and the diameter of the outlet
pipe is 500 um. If we consider a total flow rate of 45 ml/h (typical operation
value), it can be found that the fluid velocity in the microchannels corresponds
to 0.23 m/s and thus, the Reynolds number is 10.21 (laminar flow). These
conditions were used as boundary ones for the CFD simulation.

A
L

— 1

— | slit (height = 340 um)

boreline outlet pipe (diameter = 500 pm)

1=

microchannels (width = 25 um)

Figure 3 — Geometry of the discharge slit
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Results indicate that the mean velocity in the cavity is 0.24 m/s, the mean
velocity in the boreline is 0.45 m/s (which corresponds to a Reynolds number of
281), the mean ‘X’ velocity component in the boreline is 0.40 m/s and the mean
‘y’ velocity component in the boreline is -0.19 m/s. Figure 4 shows the velocity
contours in the cavity and it can be seen that in the boreline (where the fluid
changes the direction) there is no mixing in the vertical direction due to the
relatively low velocity (and thus, Reynolds number) and that the fluid is quickly

developed (both in the microchannels and in the outlet pipe).

6.17e-01
5.97e-01
5.76e-01

8.23e-02
6.17e-02
4.12e-02
2.06e-02
0.00e+00

Figure 4 — Velocity contours on the cavity

Figure 5 shows the velocity vectors in the boreline (5a) and near the boreline
(5b) respectively, and it can be seen that no vortices occur and also, it can
deduced that the streamlines are parallel, which supports that the dominant

mechanism for the droplets formation is the Rayleigh one.

E\\\\\\\\\

‘\*.\ "\\“‘k

\\ \ \\'\“\ \\\ v,{{
\\\

“\.\\:\\\ - \\ \\
A \\\\, \
& \

\\

\wm \N “*“‘\3\

\J’M

\h\\

‘l'il\‘\.\hhs Wi

b
%\‘ﬁ} :\\?

-m\%g
“M

‘*‘m\ \\ \

o H\"\\\\ ?‘\’\\“\‘k

Ll‘n

......

(a): boreline
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Figure 5 — Velocity vectors in the boreline (5a) and near the boreline (5b).

The droplet size depends mainly on the discharge slit diameter and the number

of pairs of channels, as stated in Eq (1):
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slit (1)

where: Ddrop: droplet diameter (um);
F4: volumetric flow rate of polymeric solution (ml/h);
F2: volumetric flow rate of continuous phase (mi/h);
F =F4+ F, (ml/h);
n: pairs of channels;
Dgiit: slit characteristic dimension (um).

Such equation is based on the assumption that the droplet is formed at the
outlet of the discharge slit. By considering that, once the droplet is formed, the
polymer is not removed during the immersion precipitation, we can obtain the
minimal diameter of the microcapsule, as follows:

T T
Mpge = pci’ifp g Dgrop = priff E Dr?w (2)

If both sides of the equation (2) are multiplied by the molar volume of the
polysulfone (PSf), we got a correlation between volumetric fractions and
diameters:

Psf 3 _ Psf 3 3 _ 3
pdropVPSf Ddrop - pmc VPSf Dmc - ¢drop Ddrop - ¢mc Dmc (3)

The volumetric fraction is a direct function of the mass fraction:

WV
WVPSf + (1 - W)\/DMF

Posr = (4)

By using Eq (3), the minimal diameter is obtained when the microcapsule is
totally dense, or ¢, =1 . Besides, we adjusted the predictions to the

experimental diameters of the microcapsules, by introducing a K correction
factor. Therefore:

DNO = Kr'3 ¢drop ' Ddrop (5)

If we assume that the capsules without perfume are dense and that the VNL
ones are a dense shell covering a product core, a relationship between the
diameters of those capsules may be derived:

T T
Mpgt = Ppst g DIEIO = Ppst E(DsNL - DSOre) (6)
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Eq.(6) is based on the mass balance of the polysulfone. We may introduce a
parameter K, which is the ratio between the diameter of the product core to the
diameter of the VNL microcapsule, as in Eq.(6):

K — DCOI’E (7)
DVNL

K may be related to an average ‘porosity’, if we define it as the empty volume
divided by the total volume of the microcapsule:

D3
&= core _ K3 (8)

3
DVNL

Therefore, the relationship between the diameters of VNL microcapsules and
the ones without perfume may be rewritten in terms of K or porosity «:

B _ (k)" < (- ey (9)

NO
Thermodynamics of the polymeric solutions

For a ternary system, the Gibbs free energy of mixing for a polymeric solution
may be expressed by the following equation [12]:

AG
ﬁ =N, Ing +n,Ing, +n;Ing; + x,,n P, + 7;;N @5 + 155N, 0, (10)

By using Eq. (10) it is possible to determine the spinodal curve, which is the line
where all concentrations fluctuations lead to instability, leading to phase
separation. The spinodal may be obtained by the following matrix:

G G
‘G‘ = Gz Gz =0— GzzG33 = Gz3G32 (1 1)
2
where G, =§¢C;; (12)
i
and G, = ZV‘V é(T; (13)
n;Vv;

By considering the ternary system Cyclohexane(1) — DMF (2) — PSf (3) and
using Eq. (11) it is possible to determine theoretically when the system
separates into two phases, i.e. the limits where an emulsion may be obtained.
The DMF-PSf (y23) and the cyclohexane-PSf (y13) interaction parameters were
calculated by using a classic Flory-Huggins equation and a three-dimensional
approach, respectively [13]. On the other hand, the DMF-Cyclohexane
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interaction parameter was calculated as a function of the volumetric fraction of
cyclohexane, by using the VLE data at 101.33 kPa [14] and a correlation
discussed in the literature [12].

Results

Molar volumes and cohesion parameters of the chemicals used are listed on

Table 1.

Table 1 — Microcapsules production: cohesion and Hansen parameters (n: PSf).
Componenti V, cm’/gmol &, MPa" &g, MPa"™ &, MPa" &, MPa™” Yin
Cyclohexane 87.6 15.8 16.5 3.1 0.0 1.04
DMF 67.7 24.8 17.4 13.7 11.3 0.90
Vanillin 87.8 36.6 28.1 15.3 17.7 3.98
Water 19.3 46.0 12.2 22.8 40.4 3.65
PSf 329.4 20.3 21.5 2.8 6.8

In Table 1, the cohesion and Hansen parameters for cyclohexane, DMF and
water were obtained from the literature [15], and for vanillin and PSf they were
calculated by using contribution rules [16]. The same applies for the molar
volumes. The Flory-Huggins interaction parameter was calculated by using a
three-dimensional model [13], except in the case of the pair PSf-DMF, where
the classic Flory-Huggins equation proved to be more accurate. Although the
Flory-Huggins parameter for PSf-cyclohexane is relatively low, the polymer is
not dissolved by just cyclohexane, at 3 wt% and 6 wt%, as checked
experimentally. By using the cyclohexane-DMF VLE data [14], we correlated the
cyclohexane-DMF Flory-Huggins interaction parameter as a logarithmic function
of the DMF volumetric fraction:

71, =1.88-0.281n ¢, (14)
By using Eq. (11), Eq. (14) and the interaction parameters listed in Table 1, we

were able to draw the spinodal curve for the system cyclohexane-DMF-PST,
shown in Figure 6.
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pPSf

_@- Spinodal curve

] Single phase
/\ Two phases

L} O
Theoretical limits of emulsion b\\

DMF Cyclohexane

Figure 6 — Cyclohexane-DMF-PSf spinodal curve.

Figure 6 shows the spinodal curve for the system cyclohexane-DMF-PSf, that is
composed by two lines, each one closer either to the cyclohexane vertex or to
the DMF one. Emulsions can be obtained in any region between the two
spinodal curve segments. In the case of low concentrations of cyclohexane, it
was possible to verify experimentally that there was a good agreement with the
predicted data. On the other hand, when there was no DMF or in low
concentrations, it was not possible to dissolve the PSf, what was not expected
considering the predictions. The data collected in Table 1 will be useful for the
further modeling of the microcapsules formation. However, some interaction
parameters are missing, as seen in Figure 7.

Water W?ter b
VL Cyclohexane 1% ¥ VNL
DMF ¢
Cyclohexane ¥| PSf v DMF
v/
VNL Cyclohexane ” VNL

Figure 7 — Flory-Huggins interaction parameters. The ones marked with v" were
already determined, whereas the ones marked with “?" are missing. The
cyclohexane-water parameter is marked with %, since both components are
immiscible [17].
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The interaction parameter for the binary system water-DMF is already published
[18]. The other pairs still need to be calculated, by using either vapor-liquid
equilibrium data [19] or by UNIFAC. Once all the parameters are obtained, it is
possible to perform a more rigorous treatment of the microencapsulation
process.

Figure 8 shows SEM micrographs of microcapsules produced in some
experiments, where the flow rate of cyclohexane was set to 30 ml/h, and the
flow rate of water equal to 120 ml/h.

3wt%PSf-DMF 3wt%PSf-4wt%VNL-DMF
:U/a - J L ¥ ..' ( _,-‘.‘r.k.. b/
\%N:;“ ‘P:.»c 12 mi/h
¥ cy ‘:. \
e A @ S

£ 3 eii/ :
*

/£

.’.

18 mi/h 24 mi/n.

.

Figure 8 — SEM micrographs of microcapsules. The flow rate of the polymeric
solution is indicated at the top of each one.

The average diameters of the pure PSf microcapsules, as well as the ones
containing VNL are plotted as a function of the volumetric flow rate of polymeric
solution in Figure 9.
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Figure 9 — Average microcapsule diameter for each experimental condition.

In Figure 9 we present the average diameters of the microcapsules, obtained
after analyzing several SEM images for each condition. We observe that the
addition of VNL to the initial polymeric solution leads to the obtention of bigger
microcapsules, and the diameters describe an asymptotic curve. However,
there exists for some cases, wide standard deviations of the average values.
The model fit was obtained by fitting Eq. (5) to the experimental data by
adjusting the parameter K;, that finally was set to 1/3. The predictions, therefore,
are in the same magnitude order as the experimental results, what validates this
first approach. With this value of K;, we calculated the size of the droplets
varying with the flowrate of polymeric solution, obtaining the curve called
droplets in emulsion, also shown in Figure 9. By comparing it with the diameters
of the VNL microcapsules, we conclude that, at least for low flow rates of
polymeric solution, there is not a significant variation in size during the
precipitation, from the initial state of droplet to the eventual one of microcapsule.
However, that is not valid for the experiment lead at 30 ml/h, where the size of
the microcapsule is much smaller.

The water management is an important issue in the process. There should be
enough water to precipitate properly the microcapsules. However, it should be
optimized in order to avoid the obtention of a very dilute suspension. What we
mean by proper precipitation is shown in Figure 10.
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(a)

Figure 10 — Schematic representation of the precipitation of microcapsules.
Steps:(a) droplet of polymeric solution surrounded by cyclohexane; (b) DMF
leaves the droplet in the radial direction; (c) final capsule formed, hatched part
is the final diameter and the grey part, the loss of mass during precipitation; (d)
still remains cyclohexane in the surface of the droplet.

The precipitation of the polymer to form the microcapsules should be similar to
the formation of flat-sheet membranes [3]. However, here an extra component
(cyclohexane) exists to form the emulsion. Therefore, we think that water plays
an additional role, by washing away the cyclohexane from the droplets surface
before the beginning of the precipitation. Figure 10 shows schematically the
precipitation of the droplet. The formation path from (a) to (c) summarizes the
steps required to the proper precipitation. The flow of water should be enough
to complete wash away the layer of the cyclohexane covering the droplet
surface. Then, in (b), the mass transfer of DMF and water from the polymeric
solution and to the liquid phase can occur symmetrically in the radial direction,
generating a perfect microcapsule (c) by the balances of momentum. On the
other hand, if the flow rate of water is not enough to clean the surface of the
polymeric droplets, the fast inversion phase process generates structures that
are not perfectly spherical (d). However, such assumptions should be confirmed
by further experiments and modeling.

From the average diameters obtained experimentally at 6 mi/h and 12 ml/h,
where we could compare data for both cases, with and without vanillin, and by
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using Eq (9), we may deduce the diameter of the product core, shown in Figure
11.

2.8 _ 1.0
| J2, | l 5 |
11/ | | |
2611 | : 1
244 ! '-'a ! K
224  Dbwo Dyn .
=9 tomim [ 202
=
o 204 m o)
o)
~, 18- L 04 ©
= Il
i 2
1.6 E
i - 02 &
1.2 4
L 0.0
1.0 4
08 T T T T T T
0.0 0.2 0.4 0.6 08 1.0 1.2
K = Dcore f D\.-"NL

Figure 11 — Ratio between the diameters of the microcapsules with and without
VNL. Full circles represent ratios obtained experimentally. Empty circles
represent porosity estimated from experimental ratios.

From Figure 11, we can deduce that the presence of vanillin affects so much
the system that microcapsules up to 2 times bigger are produced. Considering
our hypotheses, the volume of the product core may reach 0.88 of the total
volume of the microcapsule. However, further characterization is needed,
including microcapsules morphology. We will focus such procedures in future
work.

Conclusions

In the present work, by analyzing results of microcapsules production by using
micromixers, we were able to identify key parameters for a further robust
modeling strategy. According to the flow rate and chemistry of system, we were
able to obtain spherical particles of different diameters. By the addition of
vanillin, we obtain capsules up to 2 times bigger than the ones produced by just
precipitating polymer. By a mass balance based on the amount of polymer, we
deduced that the volume fraction available for the storage of products inside the
capsules my reach a value up to 0.88. The fluidodynamic model based on
Rayleigh mechanism allowed us to predict a microcapsule diameter which is
closer to the experimental one, for pure polysulfone capsules. At low flow rates
of polymeric solution, the resultant diameter of the microcapsule containing
vanillin was closer to the predicted value of the droplet, what evidences that
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was no significant change in volume during precipitation. However, this does
not apply for the experiment with the maximal flow rate.

Further modeling, including the composition of thermodynamic equilibrium
diagrams, should be taken into account to understand the complete formation of
the microcapsules. Besides, it should include the study of the surface tensions,
to assess the water management of the system, among other issues.
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Nomenclature

Acronyms

CPMM Caterpillar Micromixer

DMF N-N-dimethylformamide

NO microcapsules of pure polysulfone
PSf polysulfone

SEM Scanning Electron Microscopy
SIMM Slit Interdigital Micromixer

VNL vanillin

Variables and parameters

D diameter (um) of droplets / microcapsules or the characteristic
dimension of slit, according to the subscript

flow rate (ml.h™)

Gibbs free energy of mixing

fitting parameter of the Rayleigh-based equation

ratio of the diameter of the product core to the total diameter
microcapsule mass (Q)

number of microchannels

number of moles of component i

ideal gas constant

temperature, K

molar volume of component i (cm®.gmol™)

mass fraction

S<HAXIISI3IXXEOT

Greek symbols

5 Hansen parameter of component i (MPa'’?)
€ porosity

p concentration (g.cm™)

i i-j Flory-Huggins interaction coefficient

-
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@ volume fraction

Subscripts

core core of product

d dispersive

hb hydrogen-bonding
p polar

1 cyclohexane

2 DMF

n polymer
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Abstract

To design direct methanol fuel cells, proton permeability and methanol crossover have to be evaluated. A study of the transport of methanol
and protons through composite membranes of poly(ethylene glycol) (PEG) and polysulfone (PSf) was performed and permeabilities of these
components were determined. PSF was treated with dilute sulfuric acid to enhance hydrophilicity. PEG was found to be a good material for
the active layer, because it contair®H hydrophilic groups which combine with hydrated protons. A composite membrane made of 15 wt.%

PSf and 40-50 wt.% PEG showed a lower methanol crossover (1.0E-286%9nthan the commercial reference NAFION.17. Maximal

proton conductivity is also lower than NAFIGNL17. A mathematical deterministic model, considering transport by diffusion through the
composite membrane and equilibrium at the membrane—reservoir interfaces, was derived. However, the PEG layer did not present any pores
and diffusion in the dense membrane was estimated using a transport probability. On the other hand, the porous PSf layer required an effective
diffusivity that is a function of physical properties such as porosity and tortuosity. The contribution made by each mass transfer phenomenon
to the total permeation was calculated by an association of mass transfer resistances.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Composite membranes; Permeability; Mathematical model

1. Introduction DMFC, which already has a liquid phase. On the porous
anode, electrochemical oxidation of the methanol occurs to
Fuel cells, composed of an anode, a membrane and a cathproduce carbon dioxide, protons and electrons. The protons
ode, can be used to generate energy by oxidation of either hy-diffuse through the membrane to the cathode side, where they
drogen or methanol. To take maximum advantage of the fuel, react with the oxygen to produce water.
amembrane is needed to conduct protons and avoid methanol The most used membranes for DMFC are the perfluo-
crossover. rinated sulfonated NAFIOR membranes of DuPont, due
The most representative kinds of fuel cells are the proton- to their chemical stability, high conductivity and high per-
exchange membrane fuel cell (PEMFC) and the direct meability to protons. However, these membranes also al-
methanol fuel cell (DMFC), which use proton-conducting low methanol to permeate, which reduces the efficiency
membranegl]. DMFC is more interesting than PEMFC, be- of the electrochemical process, increases fuel consumption
cause its theoretical potential is high@}, and because it and damages the own cells. This phenomenon is known as
allows simple liquid handling. Also, as PEMFC operation is methanol crossover. Several authors have reported the fac-
based on the supply of hydrogen, the management of wa-tors behind it, including cell temperature, cathode pressure,
ter generated is very important. This is not an issue with methanol concentration and catalyst morpholf®y4].
Many alternative membranes for DMFC are under investi-

* Corresponding author. Tel.: +34 977 55 96 11; fax: +34 977 55 85 44. dation in the following four aspects: the primary structure of
E-mail addressricard.garcia@urv.net (R. Garcia-Valls). the polymer, the morphology of the polymer, the nature of the

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.01.074
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Nomenclature

Greek symbols

o mass transfer at reservgirmembrane inter-
face

3 porosity

0 non-dimensional time

n time factor

T mass transfer number at resenjeinembrane
interface

2 tortuosity

%) non-dimensional concentration

"2 transport probability on dense layer

Subscripts

0 initial, for concentrations, or infinite dilution
diffusion coefficient

c calculated through simulations

D diffusive

e experimental

f feed

H* proton

L liquid

MeOH methanol

PEG  poly(ethylene glycol) layer

psf polysulfone layer

S stripping

membrane area (cth
concentration (gmol crr?)
pore diameter (cm)
diffusivity (cm?s™1)
elementary charge
Boltzmann’s constant
mass transfer  coefficient on  thg
membrane—reservdgjinterface (cms?t)
membrane thickness (cm)

number of pores of different diameters
permeability (cm mint)

volumetric permeate flow (chmin~1)
selectivity for proton transport

time (s)

temperature (K)

volume of reservoif (cm?)

axial position (cm)

non-dimensional axial position (cm crh)
total ionic strength (ion m®)

acid group, and the nature of the medium within the polymer

PSf is the simplest of these polymers and the morphologies
of its membranes have been well characterized. Sulfonation
is an efficient way to activate polysulfone in proton perme-
ability. There are two methods for obtaining proton-selective
PSf membranes: one is to introduce anionic moieties into a
performed solid membrari8]. The other is to introduce an-
ionic moieties into a polymer as a kind of modification, then
to dissolve of the polymer and cast it into a fili®]. The sec-

ond method is more complicated from an industrial point of
view, and the sulfonated polysulfone itself cannot perform as
a membrane with enough physical strength. The first method
is industrially easier. The treatment is with sulfuric acid, and
this does not change the physical strength of a performed
polysulfone membrane.

To reduce the methanol crossover, the dense layer may
serve as a barrier for methanol, and at the same time may
facilitate the proton transport. PEG is a kind of polymer that
is widely used in many fields. For example, it is used as a
lubricant and as a preservative for conserving archaeological
materials, because it is reasonably inexpensive and compati-
ble with many organic materials. In biosensors, PEG is pre-
sented as “hydrogell11] to immobilize enzyme or protein
on the carbon electrode surface and transport electrons. PEG
is therefore used as a proton-selective layer.

For the reasons outlined above, the asymmetric PSf mem-
brane was chosen as support and treated by thermal sulfona-
tion to improve its proton conductivity. A PEG dense layer
was then produced on top of PSf support.

Despite the interest in DMFCs, only a little effort is be-
ing made to propose mathematical modelling comprising the
mass transfer mechanism through the membji&d2]. Most
studies apply an empirical adjustment to the membrane and
predict the electrochemical potential generated. Tradition-
ally, diffusivities through membranes are determined with-
out taking into account mass transfer coefficients at the
membrane-reservoir interfaces. In the case of composite
membranes, a global coefficient is calculated, and the dif-
ferent layers are not mathematically treated separately.

We have measured the permeability of protons and
methanol in membranes comprising a dense layer of
poly(ethylene glycol) (PEG) and a porous layer of poly-
sulfone (PSf). The equilibrium cell comprised a feed reser-
voir, the composite membrane, and a stripping reservoir.
Our results are expressed in terms of diffusivity. We fed
our data to a mathematical model that considered trans-
port by diffusion through the membrane and equilibrium at
the feed—membrane and membrane—stripping interfaces. We
then determined diffusivity for each layer was then deter-
mined using mass transfer resistances.

matrix [5]. Other membranes have been tested and results2. Methods

of these tests have been compared to those with NAFION
[6—8]. A better ratio between conductivity and methanol per-

The system used in this study comprised a feed reser-

meability has been reported. Much attention is given to poly- voir, a composite membrane and a stripping reservoir. The
sulfone (PSf), poly(ether ketones) and poly(benzimidazole). PEG layer of the composite membrane faced the feed reser-
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voir, and the PSf layer faced the stripping reservoir. A solu- for 30 and 60 min, and the composite membranes were then

tion of known pH or methanol concentration is fed into the stored in water before use. For biosensors, often PEG film is

feed reservoir and the protons or methanol molecules perme-dried overnight at room temperature to cross-[ibg]. In the

ate through the membrane, reaching the stripping reservoir,case studied here the PEG film was dried at®Qo avoid

where the concentration is measured. It is possible then tothe membrane to peel off in DMF solutions.

calculate permeability for the components studied. To study  Experiments to evaluate proton and methanol permeabil-

permeability with this equilibrium-diffusion model, we need ity were carried out by using a testing cell, consisting of two

to: reservoirs separated by a composite membrane with a dense

) layer of poly(ethylene glycol) and a porous layer of polysul-

» prepare the membrane and collect the experimental data, fone. The transversal area of tested membranes was 851 cm

o determine the experimental diffusivity, ~and both reservoirs (that of the feed solution and that of the

e determine the proton, methanol and membrane propert|es,strippmg solution) had a volume of 200 &nfo measure pro-
such as the molar volume of each component, and the o permeability the feed reservoir was filled with a solution
porosity and tortuosity of the membrane, of HCI 1.0 M. Also, to evaluate methanol crossover a 1.0 M

o determine the proton and methanol diffusivities by corre- go|ytion of methanol was used. Experimental data were the
lations with the literature, _ _ initial feed concentratio; (methanol concentration, in M,

e develop an equilibrium model, to obtain transient data on g, pH) and the initial stripping concentrati&@y. The strip-

concentration for each reservoir, ping concentration was also plotted against time.
e associate mass transfer resistances, to evaluate the effect The permeability coefficier® (cm min~1) was calculated

of each transport coefficient on experimental diffusivity, according to Eq(1):

and
e calculate the selectivity of proton transport at the _|nﬂ _ Q, 1)
membrane-reservoirs interfaces and through the mem- Co Vi
brane. Permeability was then multiplied to membrane thickness
(95um) to obtain diffusivity (cnds~1). Proton conductiv-
2.1. Preparation of the membranes and experimental ity was obtained by using the Nernst—Einstein equatidi}
data as follows:
DZé?

A polysulfone casting solution was prepared by dis- o =
solving 15wt.% PSf (MW: 16,000, Aldrich) inN,N-
dimethylformamide (DMF) with vigorous agitation for 12h 5 5 patermination of porosity and tortuosity
at room temperature. The solutions were cast onto a glass
plate using a 20fim thick casting knife, then precipitated Important properties in mass transfer through porous me-
in 15wt.% DMF solution and/or water. The PSf membranes g are porosity and tortuosity. In the case of tortuosity, dif-
were then taken from the bath and rinsed with distilled water. ¢ sion is more difficult when the pore geometry is irregular.

The PSf membranes obtained were kept at@mn 0.25M The diffusion mechanisms for transient and steady states are
H2S0y aqueous solution for 3, 24 and 72 h. Excess acid 0n gifterent. In the transient state, the component tends to dis-
the surface was removed by a short rinse of water. The mem-y;p, ;16 jtself homogeneously for the whole solid matrix, even
branes were then placed in an oven at@dor 1h. These  (o5ching pores that are blocked at any of the extremities. Once
thermally treated membranes were then soaked in distilled g system reaches steady state, there is preferential diffusion
water and rinsed daily until the pH of the rinsed water was hroygh the sections with a concentration gradient, which is
neutral. _ _ _ ~ the driving force for diffusion. Therefore, transport does not
Usually sulfonation process requires using strong acids. ¢ in blocked pores. To make calculations easier, we de-
However, in the present work the degree of sulfonation is ¢ijeq to determine tortuosity for the steady state, by a model
not under investigation. The treatment of the PSf with di- 3¢ considers a porous medium as an association of pores of

lute sulfuric acid aims enhancing proton permeability by in- qifrerent diameter§15]. If we consider pores to be spheres,
creasing hydrophilicity of the membrane. Indeed, preliminary steady-state tortuosity may be written as in &):
experiments using blank PSf membranes (not treated with

kol )

H»S0y) provided a proton diffusivity of 10'2cm?s—1. On » w1 3P a
the other hand, after sulfonation, proton diffusivity increased ¢ = Z d. (P )2 3)
to 1002 e 5L, i=1 " (Zi:l i)

Wax-like PEG (MW 1000, from Aldrich) was dissolved After comparing effective diffusivity and binary diffusiv-
in methanol at several concentrations (5, 10, 20, 30, 40, 50,ity coefficients for various compounds, some authdg]
60, 70 and 80 wt.%). The solution was deposited onto the top have reported that expression for tortuosity should be a func-
surface of support PSf membranes. The PEG-covered PStion of the transported molecule structure, since cyclic and
membranes were placed in an oven to cross-link &0 acyclic compounds have different preferential paths within
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Membrane: (p(g = 0) =0 Experimental m
3

ac_a(pac o = le 0. c,

o oxl ox = MW MW Cs
99 = —71'\_((1),:I —(p\) ———— Composite membrane L,/Dy Lo/D, —
z|,, :

, N MV AW

Change of variables: o= c-G 6=— z=Z Equilibrium model 1/ks L/D. 1/k,

', =C, Hu L

Feed — membrane interface: Membrane - stripping interface:

de, d Model for composite _

% =% ((/)/ - q)::(‘) d(/; =4 (Q:] - (A) membranes 1k L,/D, Lo/Ds 1/ks

¢, (0=0)=1 0.(6=0)=0 Fig. 2. Association of mass transfer resistances.

L Ak, L Ak
T, =k, — o, =0 - = o =0
/ D / v, 7, =k, D

performed in a Pentium IV of 2.66 GHz with 256 MB RAM

. . o . for 10,000 time iterations.
Fig. 1. Equations for the feed—membrane—stripping equilibrium model.

the porous media. In our study, however, the size of trans-2 4. Association of mass transfer resistances
ported molecules is small enough to assume there are no

significant differences in transport. Mass transfer may be seen as a series of resistances, as

By digitally treating data from scanning electron mi- jn Fig. 2. Experimental diffusivity can be evaluated using a
croscopy, the pore size distribution of the polysulfone (PSf) single parameter model. According to this approach, a com-
layer[17] can be evaluated. Then, tortuosity can be calculated posjte membrane should have two diffusivities — one for each
by applying Eq(3). Porosity, on the other hand, is the ratio layer, as expressed by Ed):
of the total volume of pores to the volume of the membrane.

L L1 Lo

2.3. Feed—membrane-stripping equilibrium model De = D1 + D> (4)

As a first approach, the system can be modelled just by The literature reports several correlations for diffusivities
considering the diffusive transport through the membrane, and describes their relative advantages and disadvantages.
which is made up of a single polymeric lay€ig. 1 shows To calculate diffusivities in liquids, the Wilke—Chang
the model equations, which consist of a partial differential equation[18,19] provides acceptable data, while proton
equation, describing the change in concentration through diffusivity can be determined from the Nernst—Hask&f)]
the membrane, and an ordinary differential equation of each equation, which is more suitable to transport of ions. To
reservoir. apply the Wilke—Chang equation we needed to calculate the

Our experimental data are the initial feed concentration molar volumes, which were determined according to the
and the stripping concentration varying on time. Data are Le Bas rule. However, liquid diffusivity must be corrected,
collected and converted into stripping non-dimensional con- depending on the medium considered. For a composite
centrations according to time. By comparing both stripping membrane, one proposal is
concentrations (simulated and experimental), it is possible

to find the . parameter, which relates the thickness of the DY — 0 < z < Lpgg,
membrane to the diffusivity. D= & (5)
We can reduce the complexity of the numeric system, DLZ — Lpec<z=1L

which is made up of one partial differential equation (PDE)

and two ordinary differential equations (ODESs), by applying When transport occurs through the poly(ethylene glycol)
finite differences. The decision on how many elements are (PEG) layer, liquid diffusivity is multiplied to the probability
necessary to do the simulations is based on calculated er-of the molecule passing through the molecules. In the porous
rors and required calculation time. For a hypothetic situation polysulfone (PSf) layer, effective diffusivity is the product of

in which the volumes of the membrane and both reservoirs liquid diffusivity and the ratio of porosity to tortuosity. Both
are equal, the equilibrium concentration should be one third porosity and tortuosity, on the other hand, can be estimated
of the initial concentration at the feed reservoir. Choosing by analysing the membrane with electron microscopy.

25 ODEs may be then justified, since a very accurate solu- One way to find transport probability may be to assume
tion can then be provided (less than 1.5% error) in a short an association of resistances for the composite membrane, as
simulation time (less than 6 min), when the simulations are shown inFig. 2. Using Eq(5), experimental diffusivity can
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Table 1 Table 2
Equations used to determine proton selectivity Physico-chemical and geometric data
Membrane or layer Proton selectivity Property Value
Membrane, experimental (8)Se = DDe"“ L (um) 95.00
B Lpec (um) 1.00
Membrane, calculated 9)Sc = Dc‘MeOS . A (cm?) 851
PEG layer 10)Spgg = p—mii it & 0.13
4 (10)Spes Dy MeoH¥MeOH 2 104
DmeoH (cmPs™1) 1.70E—05
be rewritten as in E(6): D+ (cmPs™h) 3.33E-05
L 1 |:LPEG n L— LPEGTZ} ©)
De DL | ¥ € membrane structure was well represented by a sequence of

Therefore, if we accept that the solutions are dilute, we can Straight channels, because the value was not far from 1.0.
establish a relationship between the experimental data and
the simulation parameters, i.e. the transport probability and 3.2. Experimental data
coefficients (Eq(7)):

The membranes were placed in the equilibrium cell be-
L _1 n 1 n 1 [LPEG L —LPEGrz] ) tween the feed and the stripping reservoirs, and the concen-
De ks ki DL | ¥ € tration (for methanol crossover experiments) or pH (for pro-

The mass transfer coefficients should be properly correlated!©" Permeability experiments) was measured. Initial feed pH
to the chemical structure of the membrane, since they arell @l experiments was 0.12. _ 8
interpreted as interaction parameters. However, for the first We made preliminary experiments using NAFION17.

approach, we will assume the film mass transfer theory. Ac- Me;hanol Crossover ,O:] 2'?4{06 cnﬁ-s | ‘_Nai oFtamed, In
cording to this theory, the interfacial mass transfer coeffi- Perfectagreementwith values available in the literaf2ig.

cients are directly proportional to diffusivity and inversely Froton diffusivity was 9.54E—06 chis™ . Therefore, by us-
proportional to boundary layer thicknei@o]. ing Nernst—Em_st_em equation, diffusivity was converted to
proton conductivity (71.80 mS cmd).
Composite membranes used had a polysulfone (PSf) (15%
PSf-water) porous layer covered by a PEG layer. Diffusivi-
ties are presented in tlrég. 3. Proton permeation presents a

Once the experimental and calculated diffusivities and the maximum for amembrane with 50 wt.% of PEG in the casting

mass transfer coefficients are obtained, the selectivity can be . .
. _solution. On the other hand, maximal methanol crossover for
calculated for proton transport at the membrane—reservoirs

) . composite membranes s less than a half of the value obtained
interfaces and through the membraf&ble 1lists the proce- using NAFIONE 117. Data of proton conductivitg(g. 4) of
dures for determining selectivities. E¢8)—(10)in this table 9 ) b 9-

c&mposite membranes may help assessing if they are appro-
can be used to analyse each transport process separately and. L .
evaluate selectivity for different membrane compositions. priated for fuel cells. Proton conductivity for the composite

membranes is still too low if compared to NAFIGNL17.

2.5. Selectivity for proton transport

3. Results and discussion

3.5E-06 v -
In this section we present our experimental results and the T I —— . @ Protons
data obtained from simulations. : ; L 2 B McOH
@ 2.55-06—-----------} --------- ‘ ----------
3.1. Physico-chemical properties i 2006 ‘ __________ __________ ‘ __________
By analysing the membrane using electron microscopy £ 1 sg.o6 - ARRRRRCRY S NSRRI N
and the equations in Secti@) we determined porosity and £ L E : 3
tortuosity for the polysulfone layeTable 2lists the average = Lok [ [ R e
data for the membranes, the thickness of both layers, ex- : - ; ; ;
. . . S S.0B-07 —--- g == -ak= o= mms oo
pressed in micrometers and the diffusivities calculated from !I l
Wilke—Chang (for methanol) or from Nernst—-Haskell (for 0.0E+00 : d : -
protons, in this case considered as HCI molecules) theories. 0 20 40 60 80 100
Although thickness of PEG layer may vary according to the PEG content in casting solution, %

PEG content in the casting solution, we assumed an average
value of 1um for all membranes. Tortuosity shows that the Fig. 3. Experimental diffusivities for proton and methanol.
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35 Table 3
5 ; ; 1 * i ; Proton selectivity
T R EEEEEES TR LT PR
E: ” : . T wpeG (WL.%0) S S Sec
;,“‘“" """""" A T Loy 5 0.570 0.663 0.608
o R e e R S 10 3.210 3.289 3.877
2Z ‘ : : i 20 4.094 4132 5.372
=0 [ 7 . REI— b i s s i
EE * ' : ! ; 30 2.542 2.554 3.227
P AR Rt R 3o 40 2.714 2.606 3.872
A [ g ] g F 50 3.349 3.232 8.807
£ | :’ 5 !

MR , 1 : !

=

40 60 80 100

PR content i cutug wiliifion; wi% 5. Thetransport probabilities were calculated from the corre-

lation between experimental and calculated diffusivities.
Fig. 4. Correlated proton conductivity, compared to value obtained using

NAFION® 117 (71.8mS cmb). Fig. 5compares the transport probabilities for protons and
for methanol, determined by the equilibrium model. The PEG
3.3. Determination of transport probability content in the casting solution determines the number of ac-

tive sites that are responsible for the mass transfer. The trans-
From the association of mass transfer resistances we di-port probability for protons increased significantly when the
vided our experimental results for diffusivity into the several PEG content increased from 10 to 50wt.% and reached a
factors that contribute to its value. In this section, we analyse maximum at this composition. Thereafter, the probability de-
transport probability (selig. 5), which shows the change in  creases, because the amount of PEG in the casting solution
the transport probability of protons and methanol through the also helped to block any transport paths. This was because, in
dense layer, depending on the content of PEG in the castingthe dense layer, transported molecules had to pass in the free
solution. spaces between molecules. The more concentrated was the
We used the equilibrium model to calculate the transport casting solution, the fewer the free spaces there were when
probability from our experimental data. Simulations were the solvent was evaporated and the PEG layer was formed.
performed in FORTRAN as follows: This effect of maximum can also be seen by analysing the fit
of the transport of methanol. In this case, probabilities were

1. Experimental concentrations were converted into
much lower, because:

non-dimensional concentrations varying (in terms of
dimensional time), according to the equations presented, the molecules of methanol are much bigger than protons,

in Section2. N so there is less space between PEG molecules is reduced
2. Interfacial mass transfer coefficients were set to 1 (case  for such component,
of low external mass transfer resistance). e fewer molecules of methanol are transferred by electronic

3. Simulation was performed until the calculated non-  effects than protons.
dimensional concentrations (in terms of non-dimensional
time) reached the maximum values of the experimental ~ Transport probabilities could be estimated in afirstattempt
non-dimensional concentrations of the stripping solution. as the ratio of the molecule size to free volume in the polymer
4. Experimental and simulated non-dimensional concen- cell size. If there was a correlation between the PEG content
trations were compared and the values of the calculatedin the casting solution and the polymer conformation, the
diffusivities were found. transport probabilities of any molecule, once its molar volume
had been calculated, could at least be estimated in order to
design a membrane to separate one of two components or,

L.E+00

5 as in the present case, to allow protons to flow and avoid
R R R SR AR yersastias S bl L methanol crossover.
E 5 3 ; (M Mcthano As mentioned in Sectiod, we can also use these results to
R A ’ N e e calculate proton selectivity (s@able 3). Whether calculated
T | . ¢ & directly from experimental data or indirectly by applying the
z |,1a.()3_.____’__--#---i---?----'-----i --------- o equilibrium model, selectivity was maximum foramembrane
E . : 3 3 : with 20wt.% of PEG in the casting solution. This property
TN T - mmmnes zo--m-mnos e o 3mmmmmeoe- could also be calculated for the PEG layer. This was maxi-
1 | 3 3 5 mum for 50 wt.%, which shows that selectivity may increase
LE-05 : ‘ ‘ if another support layer is used.
0 20 40 60 80 100

From these results, we calculated the relative resistance
of each mass transfer phenomenon to the experimental dif-

Fig. 5. Transport probabilities for protons and methanol obtained through fusivity. SeeFig. 6 for datfi on protons andFig. 7 for
the equilibrium model. data on methanol. The resistance to the permeation of pro-

PEG content in casting solution, wt%
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also for proton permeation, more materials should be tested
in order to manufacture a fuel cell with better performance.
e Transport probabilities for protons and methanol were
maximum for the membrane whose casting solution had
50wt.% of PEG. For higher PEG contents, there may be
less free space for transport in the dense layer, so transport
probability decreased.
|l ad AN _ M e Overall selectivity is maximum for a membrane with
s . 2 : 30 40 . 60 0 80 20wt.% of E’EG in the casting solution. However, th!s
: PEG content i casting sohation, wt value was h|_gh_er when only the_ I?EG layer was con5|d_-
ered, which indicates that selectivity may be enhanced if
Fig. 6. Relative contribution of each mass transfer phenomenon to total ~another support layer is used.
resistance to permeation of protons. e When evaluating the resistance of the different mass trans-
fer phenomena, the PEG layer had the lowest resistance
when the casting solution had 50 wt.% of PEG. Choosing
R a suitable porous support may reduce total mass transfer
O PEG layer —— | resistance and increase overall selectivity.
WPSflayer | e Even if we consider instantaneous membrane—reservoirs
equilibrium, the interfacial mass transfer resistance may
represent 12% of the total mass transfer resistance.

Resistance, %
n
2

Resistance, %

diffusive processes. However, in the values of diffusivity ob-
tained through simulations other effects, like complexation
reactions or hopping, may appear. Physico-chemical interac-
tions of the membrane with the transported species should
Fig. 7. Relative contribution of each mass transfer phenomenon to total &lSO be considered, for example by the Enskog—Thorne the-
resistance to permeation of methanol. ory.

Once the transport phenomena have been evaluated, we
tons of the PSf layer was maximum when the PEG con- can derive a phenomenological model for the whole fuel cell,
tent in the casting solution was 50 wt.%. When we evalu- including the kinetics of methanol oxidation. Unlike those
ated the methanol crossover, we found that the resistancesilready published, this model will not treat the membrane as
of the two layers were almost equal at this composition. a black box and will not depend exclusively on experimental

When membrane—reservoirs equilibrium was instantaneous data. It can therefore also recommend materials for a better
the mass transfer resistance at both interfaces could be asuel cell performance.

much as 10%, which confirms that this effect must be taken

into consideration when simulating membrane permeation.
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An important issue in the operation of direct methanol fuel cells is the amount of
methanol that crosses the polymeric membrane, i.e. the methanol crossover. In
a previous work, we evaluated the permeability of methanol and protons
through a composite membrane, where the selective layer was poly(ethylene
glycol) (PEG) of 1000 g/gmol. By using literature data of water diffusivity in PEG
of different chain length and applying the free-volume theory, we were able to
evaluate the diffusive flux of methanol and water through a hypothetic layer of
PEG.

Introduction

The direct methanol fuel cells accomplish several requirements for mobile
applications: renewable source, fast refuelling, high efficiency and low level of
emissions [1]. However, some methanol still permeates through the polymeric
membrane, generating what is known as methanol crossover, that not only
reduces the available amount of fuel, but also reduces the cell voltage by the
mixed potential [2]. In this sense, for example, lignosulfonates were tested as
alternative materials and methanol permeability was reported to be lower than
NAFION® (DuPont) [3]. In a previous work we also reported experiments with
composite membranes having poly(ethylene glycol) (PEG) as selective layer
and polysulfone to provide mechanical stability, with similar results [4]. We
pointed out, however, the little effort done towards the comprehension of the
diffusion processes in the membrane of the fuel cells. We believe the accurate
execution of such task is mandatory if we want to improve the efficiency of the
fuel cells.

A good starting point to study the diffusive processes in the polymeric systems
is the free-volume Vrentas-Duda theory [5,6]. By using such theory with the
extensive lists of both solvent and polymer parameters [7,8], the diffusion in
several polymeric systems may be predicted, with applications that range from
the transport of the molecules itself to the formation of polymeric membranes.
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Diffusion data for water-PEG systems were obtained by using the Gouy
interferometric techique [9,10]. From those data we regressed the free-volume
parameters for PEG from 200 g/gmol to 10,000 g/gmol and, by coupling the
Flory-Huggins thermodynamic theory, we estimated the diffusive fluxes of water
and methanol through a hypothetic PEG membrane at 298K. We aimed to
determine the difference in fluxes between the methanol and water, to
recommend a PEG of determined chain length as a potential material for the
membrane-electrode assembly.

Theory

To calculate the diffusive fluxes by using the literature data, we have to perform
some previous steps:

e Calculation of molar volume of the species, as well as the Flory-Huggins
parameters;

e Regression of PEGs free-volume parameters y treating the binary
diffusivity data;

e Determination of ternary diffusivity data.

Calculation of molar volumes and Flory-Huggins interaction parameters

Among the methods to calculate the molar volumes, there are the group
contribution rules compiled by Stgden and Blitz [7]. The latter is more adequate
to polar molecules, such as PEG.

When the components are polar or make hydrogen bonds, a three-dimensional
(3D) Flory-Huggins parameter is preferred [11], as stated in Eq (1):

Vi
Zn =@ oDy (1)

D3 =w, (5i,d — 034 )2 T Wy (5i,p — 05, )2 + Wy (5i,hb — O3 pp )2 (1.1)

In Eq (1.1), &4, Op and Onp represent the Hansen parameters (a.k.a cohesion
parameters) that comprehend the dispersive, polar and hydrogen-bonding
effects of a given component. There are group contribution methods to calculate
each one [12]. A commonly used weight distribution for those effects is a (4:1:1)
distribution, where (wq:Wp:whp) = (1:0.25:0.25) while a is equal to the unity.

The water-MeOH interaction parameter should be calculated from vapor-liquid
equilibrium data, according to Egs.(2) and (3) [13]:

AG*
RT =zxi Iny, (2)
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Literature provides VLE data for the water-MeOH systems [14]. Then, we
calculated the activity coefficients by using the Van Laar rule at 760mmHg. The
interaction parameter finally becomes a polynomial function varying with the
MeOH as in Eq.(4):

VAt Zci¢2i_l (4)

Treatment of binary diffusivity data

The diffusivity data obtained by the Gouy interferometric technique [9,10] may
be written as the product of a mobility Q; to a thermodynamic factor B;:

D, =Q,.B, (5)

where the thermodynamic factor is:

B = 1_'_81n7/i (6)
Olnx;

Activity coefficients may be calculated through the Van Laar equation and
parameters at 298 K are listed for the water-PEG systems of interest [9].

The mobility of the species is equivalent to the self-diffusion coefficient [5],

according to Eq (3):

WV +W;65Vs

wl[K“J(K21 —Ty, +T)+ W{KBJ(KB ~Ty+T)
y y

- -E
Q, =D, exp{m_} exp (7)

For some chain lengths (PEG ranging from 200 to 1,000 g/gmol) also the
diffusion coefficients at infinite dilution of PEG in water are available [10]. In this
case, Eq.(5) is directly reduced to:

Vl

K}/HJ(Kzl _Tgl +T)

~E,
Dinsinite = Do CXP{RT} 28Y _( (8)

The diffusivity at infinite dilution is reported as to be dependent on molecular
weight. Therefore, since the temperature for all the data is constant, we decided
to lump the pre-exponential term and the activation energy into a term based on
the infinite dilution, as stated in Eq.(9):
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Vl

Ky“](K21 T, +T)

-E
A; =D, eXP{RTI} = Dininite €XP (

By applying the free-volume parameters of water in Eq.(9), it is therefore
possible to calculate the A term. Then, since all the experimental data were
obtained at 298K, it is possible to simultaneously eliminate the dependence on
temperature and reduce the number of unknowns by introducing a lumped free-
volume parameter:

K
KIumped = (;](KB _TgS +T) (10)

Of course, the drawback of such strategy remains on the reduced capability of
extrapolating the prediction to temperatures different than 298K. For our
purposes, however, this assumption is still valid. With the introduction of the
lumped parameters, Eq.(5) now becomes:

WV, + W85V,

K“j(K21 —T, +T)+w,K
y

D, = A, exp| - (11)
Wl(

lumped

By using the sets of experimental data for each chain length we regressed the
unknown parameters: Az, Kiumped @nd Giz. Kiumped just depends on the polymer
itself. Therefore, it will be constant for prediction of diffusivities of any species in
it. The objective function that we used to regress the free-volume parameters
was the following integral:

D

exp erimental 1 D prediction

D, D, ‘

¥ = [/In AW (12)

Such objective function was chosen since it was able to minimize the area
between predicted and experimental logarithmic curves.

Conversion of water,polymer INtO EneoH, polymer-

Since both water and MeOH are very polar, they are expected to behave
similarly. Therefore, the ratio of the molar volume of one of these components
to the molar volume of the polymer jumping unit can be directly converted into
the equivalent property of the other one. First, we should determine the molar
mass of the polymer jumping unit, by the following relation [7]:
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v, MV 13
\/3 513

Once the molar mass of the polymer jumping unit is determined, it allows us to

obtain the &3 parameter by just applying the molar mass and volume of
methanol:

_ I\/IZ\/Z

§ =
23 M}jvs

(14)
Ternary diffusivity data

The mutual coefficients are predicted from Vrentas-Duda free-volume theory as
follows:

g
. EE VVA/I4_VV244Li\/2_FVV3§KA/3
D, =D, exp| —L |exp| — 23 15
=Dy, p[RT} p (15)

Y

g
EE VVZ\/Z +-VV1 23\/14_Vv3533\/3
D, =D, exp| — 2 |exp| — 13
2 02 p[RT} p

Y

_ ZW[K j(Kzi T, +T) (17)

Considering that the literature data neglect the activation energy for MeOH
diffusion and introducing the lumped free-volume parameters, we may rewrite

Eqs(15-17):
vV @V V
AV, + 9, 2 T 4615V, (18)
D, = A;exp| - i;
%
BN+, 52V, 4 BEN,
D, =D, exp| — 1

v, (19)
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where

\77/= ¢3Klumped + i¢|(KJ/“ ](Kzi _Tgi +T) (20)

The diffusion also requires the thermodynamic contribution, to compose the
free-volume matrix:

D, =D (1-¢) L % _pgg, L %

RT o4, RT 8¢,
1 Oy, 1 ou
D :D 2 1 e v
2 =Dl ¢1)V RT 06, 2¢1¢2V RT 0 3
D,y =Dag(1-,) 0 %o _pygg 1 L “
AR TN ORT a9 PV, RT o9,
1 ou 1 ou
D,=D 2 A
2 =Duf(l=g) o 5 Db

where the chemical potentials are given by Flory-Huggins model:

IUIF\)_iTﬂl =1Ing, + ¢, +(le¢2 +Zl3¢3)(1_¢1)_7(23¢2¢3 (22)
%:ln@ + ¢ +(7512¢1 + X230 )(1_¢2)_Zl3¢1¢3 (23)

The thermodynamics of the binary systems was described by the Van Laar
equation. However, we decided to use the Flory-Huggins approach to the
ternary systems just because their coefficients may be predicted from the
chemical structures of the components.

Methanol and water fluxes through a hypothetic membrane

The diffusive fluxes for MeOH and water (Figure 1) are calculated by using

Eq.(24) [6];
_ <Dy o¢;
W= (24)

j=1
with the following assumptions:

e Thickness of the PEG selective layer: Az = 1um;
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e Components totally removed at the end of the selective layer, to provide
the maximal flow rate (the porous support does not interfere with the
mass transfer);

e Volume fractions at z = 0 are calculated by using the equations of
chemical potential (22) and (23), where the left-hand side is expressed in
terms of molar fraction.

MeOH
PEG Porous
Selective support
layer
H,O
>

¢i =0 ¢i ‘z:Az =0

Figure 1 — Scheme for the determination of diffusive fluxes through the PEG
selective layer

Since the results of the total fluxes may vary in scale, we decided to derive the
selectivity for MeOH, as described by Eq (25):

J
S — MeOH 25
Heon ‘J MeOH + ‘] H,0 ( )

Eq (25) will be helpful to evaluate which membrane is less selective for MeOH.
Results
Water and methanol free-volume parameters

Table 1 summarizes the data regressed for the system. Free-volume
parameters for water and MeOH were collected from literature [8]. We can
observe that, as long as the PEG chain length increases, the molar volume and
the Flory-Huggins interaction parameters also increase, due to the
preponderance of the aliphatic contribution to the total chain. PEGs with higher
x13 and y23 have low affinity for water and MeOH. The variation of the parameter
A3 with the molecular weight of PEG may be explained by the increasing
energy of activation for diffusion when chain length increases. On the other
hand, &3 and &»3 exhibit a minimum for PEG 3400 and, following this tendency,
the value obtained for PEG 10000 is unexpected. Maybe there is some reason
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for this behavior that was not explained in the reference papers, such as
crosslinkinng degree, that also affects the diffusion process.

Table 1 — Free-volume parameters for water and methanol.

Property Component 5 o
H,0 (1) MeOH (2) X =G

Do, cm?/s - 8.75.10% o
V, cm®/g 1.071 0.957 Cq Co Cs C4 Cs
K1ily, 0.00218 0.00117 6.1 -37.3 120.7 -181.3 98.8
cm®/(g.K)
Ko — T2, K -152.29 -48.41
PEG(3) Vi, cm’g  Kumpes Az, CM°/s €13 &2 X13 x23

200 0.904 0.310 1.83.10™ 1.65 2.62 1.68 0.62
300 0.935 0.317 1.47.10* 1.61 255 222 0.92
400 0.941 0.301 1.28.10™ 1.46 233 237 1.01
600 0.952 0.320 1.02.10™ 1.47 233 264 1.20
1000 0.961 0.331 0.78.10" 1.35 215 2.88 1.38
1500 0.964 0.309 0.66.10™ 1.20 1.91 3.00 1.47
2000 0.966 0.300 0.54.10™ 0.97 1.54  3.08 1.53
3400 0.969 0.304 0.47.10™ 0.93 1.47  3.19 1.61
10000 0.971 0.297 0.37.10" 1.77 2.81 3.31 1.71

Ternary equilibrium data according to Flory-Huggins theory

Before calculating the fluxes for water and MeOH, we obtained the equilibrium
data for the ternary systems varying the molar fraction of MeOH in the liquid
solution for all the studied PEGs. The volume fraction of water almost does not
change, as seen in Figure 2.

0.25

0.20 - —— PEG 200
S IR PEG 10000

L

0.05 A

0.00 -

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
xMeOH, gmol/gmol

Figure 2 — Volume fraction of water varying with the MeOH molar fraction in the
liquid solution (PEG 200 and PEG 10000).
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Since its values do not change much, we decided to plot just the data for PEG
200 and PEG 10000. Figure 3 shows the tridimensional behavior of the MeOH
volume fraction.

0.7-‘
™
0.61
®
0.51
e
0.4 ®
. .« %
z 0
2 03+ o.':
e .'.gl'
[ ) {
0.2
*
0.1+
0.0

B\
0 2000 0 (@
4000 4

8000

MPE(;, g/gmo, 10000 12000 0.0
Figure 3 - Volume fraction of MeOH varying with the MeOH molar fraction in the

liquid solution and with the molecular weight of PEG.

In Figure 3 we can observe that at low molecular weight of PEG, the volume
fraction of MeOH can reach values up to 0.7, what indicates complete
dissolution. In fact, in a previous work [4], we obtained membranes by
dissolving PEG 1000 in MeOH. However, the maximal volume fraction
diminishes as long as the chain length increases, owing to the reduction of
affinity between MeOH and PEG, revealed by their correspondent Flory-
Huggins interaction parameter, as discussed in the previous section. There is
no significant variation, though, for the fits of PEG 3400 and PEG 10000.

Methanol and water fluxes through a hypothetic PEG membrane

Figure 4 shows the diffusive flux of water obtained for the studied PEGs at
several MeOH molar fractions in the liquid phase, whose maximal value was set
to 0.25, close to high concentrations recently studied [15]. According to our
simulations, the flux of water is significantly reduced when any PEG is used
instead of PEG 200 and, naturally, the minimal one is obtained with a
membrane of highest PEG.
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Figure 4 — Water diffusive flux varying the molar fraction of MeOH in the liquid
solution and the PEG chain length.

In some cases the numerical procedure did not converge for low concentrations
and such difficulty increased with the PEG chain length, maybe owing to the few
experimental data. Probably such problem would be overcome if more sets of
data were available. Figure 5 shows the same curves, but for MeOH.

0.0012

0.0010 A

0.0008 A

0.0006 -

0.0004 -

Jyeons CM2/(cm.s)

0.0002 A

0.0000 -

PEG 200
PEG 300
PEG 400
PEG 600
PEG 1000
PEG 1500
PEG 2000
PEG 3400
PEG 10000

0.00

0.05 0.10 0.15 0.20 0.25

Xpeon: gmol/gmol

0.30

Figure 5 - MeOH diffusive flux varying the molar fraction of MeOH in the liquid
solution and the PEG chain length.
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In Figure 5 we can observe that the flux of MeOH increases with the chain
length until PEG 3400, and then it experiences a significant reduction to minimal
values. Such trend may be explained by the &3 and &,; parameters, as
discussed previously. We can observe the selectivity curves for MeOH in Figure

6.
1.0
PEG 200 .
................... PEG 300 \ \
084 —————— PEG 400 N
—— PEG 600 N
— — —  PEG 1000 — = : LT ——
——————— PEG 1500 N
061 ———— PEG2000 \ ~
PEG 3400 ~ e
T | PEG 10000 —_—
2 04
[7p]
0.2 -
0.0 -

0.00

0.05

0.10

XMeOH

0.15

0.20 0.25 0.30

Figure 6 — MeOH selectivity curves varying the molar fraction of MeOH in the
liquid solution and the PEG chain length.

Figure 6 shows what Figures 4 and 5 allowed us to conclude: that the selectivity
for MeOH increases with chain length and, for lower concentrations, just MeOH
would cross the membrane. However, selectivity can be reduced when feed
MeOH solutions are more concentrated, as in the case for PEG 10000.

Conclusions

The present study intended to evaluate several PEG chain lengths as potential
materials to obtain selective layers for direct methanol fuel cells. We used
literature data to regress free-volume parameters for water-PEG systems and
converted them into MeOH-PEG data. We could observe the following:

e As long as the PEG chain length increases, the molar volume and the

Flory-Huggins interaction parameters also increase, due to the
preponderance of the aliphatic contribution to the total chain. PEGs with
higher y13 and x23 have low affinity for water and MeOH.

The variation of the parameter A3 with the molecular weight of PEG may
be explained by the increasing energy of activation for diffusion when
chain length increases.

&1z and &3 exhibit a minimum for PEG 3400 and, following this tendency,
the value obtained for PEG 10000 is unexpected. Another factor not
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ISBN:

explained in the reference papers, such as crosslinking, may be the
reason.

The flux of water is significantly reduced when any PEG is used instead
of PEG 200 and, naturally, the minimal one is obtained with a membrane
of highest PEG.

The flux of MeOH increases with the chain length until PEG 3400, and
then it experiences a significant reduction to minimal values. The reason
could be the behavior of the §13and &3 parameters.

Finally selectivity for MeOH increases with chain length and, for lower
concentrations, just MeOH would cross the membrane. However,
selectivity can be reduced when feed MeOH solutions are more
concentrated, as in the case for PEG 10000.

The reasons above allowed us to conclude that PEGs with high molecular

weight

are promising materials to manufacture selective layers for methanol fuel

cells, since it would be possible to work at higher concentrations of MeOH than
1.0M, that is typically used. However, other important aspects, such as proton
conductivity and chemical resistance to the feed solution, were out of the scope
of the present work and should be taken into account before final decision for a
determined material.

Nomenclature

Acronyms

DMFC direct methanol fuel cell
MeOH methanol

PEG poly(ethylene glycol)

Variables and parameters

Ais pre-exponential term based on the diffusivity at infinite dilution
(cm?.s™)

Bi thermodynamic factor based on Van Laar equation

Ci coefficient of the water-MeOH Flory-Huggins expression

Di binary diffusivity (cm?.s™)

Dj diffusion coefficient matrix for ternary systems (cm?.s™)

Dis? composition factor of Flory-Huggins parameter

Do pre-exponential term on diffusivity expression (cm?.s™)

Ei activation energy for diffusion

GF excess Gibbs free energy

Ji diffusive flux of component i (cm?.cm™.s™)

Kily free-volume parameter for component i (cm>.g™".K ™)

Ko — Tgi free-volume parameter for component i (K)

Kiumped lumped free-volume parameter for polymer (cm>.g™)

M; molecular weight of PEG (g.gmol™)

R ideal gas constant

SMeoH selectivity for MeOH based on total diffusive flows

T temperature, K
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Vi molar volume of component i (cm®.g™)

Wi mass fraction of component i

Xi molar fraction of component i

Yi molar fraction of component i in vapor phase

Greek symbols

a multiplying factor of Flory-Huggins parameter

Yi activity coefficient of component i

8 Hansen parameter of component i (MPa'’?)

Mi chemical potential of component i

&is ratio of the molar volumes for solvent i and polymer jumping unit
L area between experimental and predicted binary diffusivity curves
i i-j Flory-Huggins interaction coefficient

Q; mobility of component i

Subscripts

d dispersive

hb hydrogen-bonding

p polar

1 water

2 methanol

3 polymer

3j jumping unit polymer
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